Molecular visualization of polymer thin films by atomic force microscopy: towards patterning and replication of soft nanostructures for nanomaterial design and construction by Yu-Su, Sherryl Yao
MOLECULAR VISUALIZATION OF POLYMER THIN FILMS BY ATOMIC FORCE 
MICROSCOPY: TOWARDS PATTERNINNG AND REPLICATION OF SOFT 
NANOSTRUCTURES FOR NANOMATERIAL DESIGN AND CONSTRUCTION 
 
 
 
 
 
Sherryl Yao Yu-Su 
 
 
 
 
 
A dissertation submitted to the faculty of the University of North Carolina at Chapel 
Hill in partial fulfillment of the requirements for the degree of Doctor of Philosophy in 
the Curriculum of Applied Sciences and Engineering. 
 
 
Chapel Hill 
2009 
 
 
 
Approved by: 
 
Professor Valerie Ashby 
 
Professor Dimitry Ivanov 
 
Professor Michael Rubinstein (chair) 
 
Professor Sergei Sheiko 
 
Professor Wei You
ii 
ABSTRACT 
 
SHERRYL YAO YU-SU: Molecular Visualization of Polymer Thin Films by Atomic 
Force Microscopy: Towards Pattering and Replication of Soft Nanostructures for 
Nanomaterial Design and Construction 
(Under the direction of Sergei S. Sheiko) 
 
 
The creation of materials with sub-100 nm functional architectures is a 
challenge in nanotechnology. Two ways to create nanostructures are: (i) self-
assembly of small molecules into supramolecular structures and (ii) design of shape-
persistent macromolecules. Molecular brushes are ideal candidates as one can 
control size, shape, interior structure, and surface composition through interactions 
between multiple branches with heterogeneous chemical composition. Accurate 
characterization of molecular dimensions and morphology is vital for understanding 
structure-property relations of mesoscopic molecules and their assemblies. This 
particularly concerns macromolecules that are small (10-100 nm), flexible, 
polydisperse, and heterogeneous. 
Individual molecules and supramolecular assemblies of different 
heteropolymer brushes were studied. Architectures investigated include brushes 
with crystalline ends, hetero-grafted brushes, and in detail, brushes with diblock side 
chains of crystalline poly(ε-caprolactone) and amorphous poly(n-butyl acrylate) 
(PCL-b-PBA). PCL-b-PBA brushes were characterized by AFM, DSC, POM, and X-
ray scattering. Single molecules demonstrated unique herringbone morphologies 
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consisting of PCL extended-chain crystallites emanating from backbones and 
amorphous coronas of PBA chains. Macroscopic samples demonstrated an ability to 
maintain molecular alignment upon constrained crystallization of PCL. Aligned 
microphase separated cylinders transformed slowly into oriented lamellae through 
break-out crystallization of PCL, leading to fused PCL cores. Folded PCL chains 
formed lamellae parallel to the backbone, i.e. PCL chains oriented perpendicular to 
the backbone. The diblock side chain composition allowed for accurate control of the 
number of folds within PCL cores.   
In addition to PCL-b-PBA brushes, molecular imaging was applied to 
quantitative characterization of their assemblies as well as branched 
macromolecules and gradient brushes. However, molecular imaging must be 
improved in terms of sample preparation so accurate dimensions of soft, nm-sized 
objects can be determined by contact techniques like AFM. Spherical and cylindrical 
poly(styrene)-b-poly(isoprene) micelles adsorbed on low surface energy substrates 
were used as model masters for PFPE-based soft lithography. Masters, molds, and 
replicas of the micelles were characterized by AFM to verify the fidelity of the 
lithographic technique in application to soft and weakly-adhering nanoparticles. A 
threshold surface energy was determined for spherical micelle lift-off from substrates. 
Above the threshold, molding and replication of the micelles were accomplished at 
the expense of particle deformation. Below the threshold, particle transfer between 
substrates is possible. 
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CHAPTER 1 
OVERVIEW OF DISSERTATION 
 
1.1. Introduction 
In this age of device miniaturization, nanofabrication techniques must 
continually improve and evolve to meet the demands for faster, cheaper, better and 
more efficient materials. Conventional top-down fabrication techniques, such as 
photolithography, are quickly approaching their limits in reproducible feature size 
and dimensionality for use in a number of existing and emerging technologies.1-5 
Lithography on length scales below 100 nm is particularly challenging, hampered by 
the availability of suitable masters and equipment.1-5 In addition, the method 
demands very expensive and sophisticated equipment.1-5 
Thus, with device miniaturization requiring sub-100 nm, complex, two- or 
three-dimensional architectures with specific properties, bottom-up nanofabrication 
approaches, specifically self-assembled molecular structures, are probably the best 
solution to the problem.1, 2, 6-8 There are two approaches that can be applied to the 
problem, either separately or in combination: (i) self-assembly of relatively small 
molecules (surfactants, block-copolymers) and/or (ii) the packing/alignment of 
preassembled molecular architectures.1-3, 6-8 However, there are several challenges 
in the utilization of mesoscopic molecules. One of them is the intelligent design and 
synthesis of molecular building blocks. The creation of well-defined molecules that 
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possess the desired shapes, chemical structures, and properties is critical for this 
approach to be successful. The other challenges include proper (complete) 
characterization of their individual structures (size and shape) and the understanding 
of their arrangement in the bulk and on surfaces. Issues, such as the durability of the 
structures, pattern reproducibility and fidelity, and orientation/alignment of the 
molecular assemblies at a large scale, limit the application of the bottom-up 
technique as well.1, 2 Top-down nanofabrication techniques offer a solution to the 
problems of bottom-up nanofabrication. Specifically, soft lithography is a gentle and 
facile technique that is compatible with delicate nanostructures.2, 9-11. Significant 
gains in time and cost are major advantages to this technique, compared to 
conventional photolithography.1, 2 In addition, with this family of fabrication methods, 
there are almost no limitations in the sizes and structures that can be replicated.2  
 
1.2. Fundamental challenges and proposed solutions 
In order to meet the demands of nanotechnology, we explore a merger of top-
down and bottom-up nanofabrication approaches using mesoscopic brush-like 
macromolecules with a well-defined shape and interior composition. Recent reports 
show promise in the merger between the two nanofabrication techniques.7, 12, 13 
Nevertheless, much work needs to be done before the combination of the bottom-up 
and top-down approaches become standard techniques in nanofabrication. Issues 
still under study range from the synthesis and design of molecular components, to 
positional control and manipulation of molecules on surfaces in order to build 
  3 
complex nanostructures, to faithful reproduction of structures created into functional 
forms.14, 15 
Molecular brushes can be regarded as prefabricated building blocks with a 
controllable size ranging from 10-100 nm, well-defined shape (e.g. disks, plates, 
spheres, and cylinders), and the ability to assemble into larger structures. In terms of 
size, these are particles that maintain all molecular features such as chain flexibility 
and specific interactions. Molecular brushes adsorb and self-assemble on a 
substrate (bottom-up method) as masters/templates for soft lithography (top-down 
method). In addition to their uses as templates, molecular brushes are also useful as 
miniature single-molecule devices that are able to switch their shape and generate 
significant tension in covalent bonds.  More importantly, fundamental investigations 
in structure-property relations can be carried out using self-assembled molecules 
and structures. Further understanding of this relationship will be beneficial to the 
design and construction of molecules for targeted applications.  
The advantage of using mesoscopic molecules is their well-defined shape 
and interior structure. A disadvantage to using molecular brushes is its slow 
equilibration due to their large size. Furthermore, their internal (equilibrium) 
microstructure, i.e. the molecular organization inside molecules and bulk materials, 
is still largely unknown. 
In this dissertation, we present promising results on the characterization of 
unique molecular shapes and self-assembly of heteropolymer brushes. Using 
molecular imaging by atomic force microscopy (AFM), macromolecular brushes with 
heterogeneous compositions, specifically crystalline and amorphous moieties, were 
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studied and characterized as single molecules and as components in thick films. The 
unique morphology and properties of these molecules make them potential 
candidates as molecular masters for soft lithography. Soft molecular assemblies, 
such as molecular brushes, however, are quite fragile and require certain 
(thermodynamic) conditions for them to maintain their shapes and structures. The 
interactions between each component must be carefully controlled to ensure that the 
correct structures are faithfully molded and replicated. This can only be achieved 
when using a unique perfluoropolyether elastomer developed by DeSimone, et.al. as 
the molding material during soft lithography.16-20 The results of such an investigation 
using molecular visualization by AFM shall be presented.21  
 
1.3. Experimental methods, materials, and sample preparation 
Molecular characterization techniques such as nuclear magnetic resonance 
(NMR) and gel permeation chromatography (GPC) and bulk analytical methods such 
as x-ray scattering and thermal analysis are among the numerous characterization 
methods for probing polymer properties and behaviors that are available to polymer 
chemists and physicists. In addition to these conventional techniques, recent 
advances in imaging methods specifically in atomic fore microscopy (AFM) have 
made them essential complementary tools in the characterization of polymer 
specimens, extending their usefulness to beyond just simple visualization.20-24  
 AFM, NMR, and GPC were used to probe molecular characteristics of a 
polymer. Direct visual evidence of a successful synthetic strategy, as well as, 
quantitative information on polymer single molecule conformation and dimensions 
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are readily obtained via AFM.24-34 In addition, molecular weight and molecular weight 
distribution information that are consistent with conventional GPC analysis are 
possible by the combined AFM-LB technique.35 NMR is a widely-used spectroscopic 
method that provides important structural information, such as a polymer’s 
stereochemistry and monomer sequence.36, 37 It has also been used extensively to 
study branching phenomena in polyethylene and other common polymers.38-47, 
although there are still limitations due to poor sensitivity and resolution of branched 
peaks. Molecular weight and molecular weight distributions can be obtained from 
GPC analysis based on a calibration curve constructed from the molecular weight 
data of (almost) monodisperse linear polymer standards, typically poly(styrene) or 
poly(methyl methacrylate).36, 37 Some discrepancy may result from the use of a 
calibration plot. However, when the GPC is coupled with a light scattering module, a 
more accurate molecular weight and molecular weight distribution can be obtained 
without the need of a calibration curve. This is very useful for high molecular weight 
polymers and samples that are highly branched such as molecular brushes.36, 37 In 
addition, gel permeation chromatography coupled with multi-angle laser light 
scattering (GPC-MALLS) can provide structural information as well, such as 
branching distribution across the whole molecular weight spectrum although one 
must be careful in the analysis of the data as the technique breaks down at low 
branching levels.38, 45, 48, 49 
  A combination of AFM, Langmuir-Blodgett (LB), and molding using PFPE 
were used for surface studies.21 As will be discussed in the subsequent section, 
AFM is a powerful imaging tool that gives much information about the morphology 
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and composition (hard versus soft material) of a film, provided that clean and 
consistent sample preparation methods, such as Langmuir-Blodgett deposition, were 
carried out. Nevertheless, with AFM being a surface technique, deformation of soft 
molecular objects can occur, thereby yielding inaccurate height and lateral 
dimensions. PFPE-based molding of soft molecules is a technique that was 
developed as a possible solution to this issue.21 
 To facilitate bulk characterization studies, several techniques, including AFM, 
x-ray scattering (small angle and wide angle), light scattering (LS), and differential 
scanning calorimetry (DSC) were carried out. From AFM, morphological information 
was directly obtained upon imaging. In addition, features within the film were 
captured and analyzed, providing more useful information about the internal 
structure of the bulk material (cylinders versus spherulites). Bulk structural 
information can be obtained from x-ray scattering techniques. Polymer morphology 
and dimensions, such as the characteristic lamellae period, are determined based 
on mathematical interpretations of the resulting spectra.36, 37 Light scattering was 
used to probe micellar dimensions and structure. Clean, dust-free samples are 
imperative as these large impurities interfere with the data collection and analysis.36, 
37
 Thermal transitions (crystallization, glass transition, and melting) were determined 
by DSC.36, 37, 50 The accuracy of the method depends on the degree of change in the 
enthalpy of the molecule undergoing the transition, the temperature range of the 
transition under study, the linearity of the baseline, and sample purity.36, 37 
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1.3.1. Molecular imaging by atomic force microscopy 
 Twenty years ago, the development of scanning probe microscopy (SPM) 
revolutionized the scientific world by providing a technique capable of visualizing 
objects of infinitesimal size. In particular, atomic force microscopy (AFM), developed 
in 1986 by Binnig et. al.51, allows for three-dimensional visualization and analysis of 
both conducting and insulating materials with nanometer resolution under a variety 
of environmental conditions. Further developments such as non-contact and 
intermittent (tapping) modes extend the applicability of AFM to soft and weakly-
adhering materials. All these features combined enabled the use of AFM in studying 
biological species which have well-defined secondary and tertiary structures.      
In addition to biological specimens, AFM has been recently applied to imaging 
synthetic macromolecules. Through molecular visualization by AFM, polymer 
chemists can confirm synthetic strategies. Moreover, they can also obtain structural 
information such as size, composition, and chain topology, information beyond 
simple visualization. However, reliable and accurate imaging of conventional 
polymer chains is hindered by their tiny lateral dimensions (<0.5 nm) and high 
flexibility characterized by a persistence length on the order of 1 nm. Molecular 
imaging can be greatly enhanced by decorating polymer chains with bulky side 
groups and chains. As will be discussed in Chapter 2, the advantage of grafting side 
chains is three-fold. First, they make the main chain thicker, and thereby, enhancing 
the topographic contrast. Second, the side chains make the main chain stiffer thus 
reducing the chain curvature. Finally, side chains separate neighboring molecules, 
thus enhancing the lateral resolution.  
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One can use AFM to study chemical and physical phenomena at the 
molecular level by monitoring individual macromolecules with well-defined 
structures. For instance, one can measure molecular weight35 and chain 
dimensions33, 52, 53 including contour length Ln, radius of gyration Rg, fractal 
dimension D, and persistence length lp, as well as investigate conformational 
transitions of polymer molecules23, 25, 54-57, supramolecular self-assembly30, and 
quantify macromolecular branching.53, 58 Suffice to say, by using this method, one 
can directly obtain the desired topological information, as well as characterize and 
quantify structural information of a macromolecule. Furthermore, in-situ flow 
studies59, 60 and chain-stretching experiments61-63 were recently reported, 
showcasing the applicability of AFM for studying dynamic properties of polymer 
molecules. And finally, as a surface characterization method, AFM is also an 
excellent complementary tool to solution-based scattering techniques and rheology.  
As a result, the collection of information obtained from all these techniques provides 
a more complete picture of the molecule, as well as the phenomenon under study. 
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Figure 1.1. Atomic force microscope set-up. 
 
 A basic atomic force microscope (AFM) set-up is shown in Figure 1.1. An 
AFM cantilever with a sharp tip is used to scan the surface of the film. With terrain 
changes as the probe travels over the film, the laser beam deflections from the 
cantilever are captured on a photodiode. High resolution topographic micrographs 
are then obtained as these signals are translated into an image.64 
 There are three basic modes of AFM operation: contact, non-contact, and 
tapping (or intermittent) modes. Contact modes measure the repulsive interaction 
between the sample and tip. Despite its high resolution, the method is unsuitable for 
soft samples and for samples with high adhesion and friction. In non-contact AFM, 
the tip is held above the sample. The attractive Van der Waals interaction between 
the tip and the sample are measured and translated into an image. However, in this 
technique, the forces are weak, and thus, result in a low resolution image. In tapping 
mode AFM, the cantilever oscillates at or near the resonance frequency of the 
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cantilever as it travels across the sample surface. This solves the problem of sample 
damage and unwanted friction and adhesion between sample and tip. Tapping mode 
AFM has become the standard method for AFM characterization of soft biological 
specimens and polymers.64 Still, AFM is a contact technique that typically causes 
deformation of soft molecular objects. As such, we have studied a novel technique 
for imaging individual molecular objects. As discussed in Chapter 3, PFPE-based 
soft lithography has been applied to mold block-copolymer micelles of different 
shapes. The technique has been optimized in terms of adhesion and deformation of 
the soft objects.  
 In addition to topographic information, tapping mode AFM can be used to 
detect mechanical properties of the film. One can differentiate between a hard 
material from a soft one on the surface in the phase mode. It is a sensitive method 
that is particularly useful if the topography is rough. Further advancements in AFM 
technology have enabled researchers to obtain high resolution images under a 
variety of conditions, such as in fluid and at high temperatures.64 The reader is 
encouraged to peruse the numerous review articles and books about AFM that have 
been published for more details about the technique.24, 65-68 
 In this work, a Multimode Atomic Force Microscope from Veeco Metrology 
group equipped with Nanoscope IIIA control station was used to obtain topographic 
(height) and phase simultaneously in tapping-mode under ambient imaging 
conditions unless otherwise stated. Silicon cantilevers with resonance frequencies of 
about 160 kHz, spring constants of 5.0 N/m, and radii less than 10 nm were used, 
unless otherwise specified. 
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1.3.2. Sample preparation techniques for molecular visualization experiments: 
spincasting and Langmuir-Blodgett film deposition 
 To facilitate molecular visualization experiments, two film preparation 
techniques were employed: spincasting and Langmuir-Blodgett film deposition.  
Spincasting was used to prepare dilute, single molecule films and thick 
polymer films (t6 nm). This involves dispersing a solution of the polymer molecule 
onto a substrate as it is spinning at a constant velocity.  
Langmuir-Blodgett (LB) deposition is an elegant method for transferring films 
from a fluid substrate to a solid one. In using this method, one has control over film 
thickness, film uniformity, and molecular organization. To prepare a film by LB, 
molecules are deposited onto a fluid substrate, typically water, contained in a trough 
made of Teflon (Figure 1.2). This creates a floating layer of molecules that is a 
monolayer thick. The molecules can be brought together to create a uniform film, of 
a specific molecular density, using movable barriers. The barriers compress the 
molecules until the desired surface pressure, measured by the Wilhelmy plate, is 
achieved. The film can then be transferred onto a substrate, keeping the surface 
pressure constant, i.e. film uniformity upon transfer. The number of dips up and 
down through the monolayer dictates the thickness of the film.  
In this body of work, dilute, single molecule films are prepared by spincasting 
dilute chloroform solutions (~0.01%wt.) onto freshly-cleaved mica. Dense films were 
prepared using the Langmuir-Blodgett trough, equipped with a trough and barriers 
made of PTFE and a Wilhemy plate balance, Milli-Q double-distilled water subphase 
(=18.2 M). Each polymer film was transferred to freshly-cleaved mica at a 
  12 
controlled low pressure of 0.5 mN/m. The same procedure was used for the 
preparation of films of each polymer brush encapsulated in a matrix of linear PBA.   
 
Figure 1.2. Typical Langmuir-Blodgett trough set-up. Missing from the schematic 
is the substrate dipper controls. This is feature is used to keep the substrate in place 
as it travels up and down the deposited monolayer at a given number of dips at a 
specified speed and surface pressure. This gives one complete control over the film 
thickness and molecular arrangement. (Courtesy of KSV Instruments Ltd. website) 
 
 
1.3.3. Molecular brushes 
Molecular brushes are a new class of functional, self-assembled materials 
that are composed of a flexible backbone with long side chains chemically grafted 
from each monomer unit of the backbone (Scheme 1.1A). The high grafting density 
creates a sterically-hindered environment, and the excluded volume repulsion 
between neighboring side chains stretches both the backbone and side chains, 
resulting in a well-defined persistent shape.24 The high repulsion between side 
chains also imparts unusual molecular properties such as conformational 
switching69, mechanical activation of covalent bonds 70, lyotropic53, and epitaxial 
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ordering.71 Given these properties, molecular brushes have potential applications as 
sensors, super soft elastomers72, and lithographic masters/templates to name a 
few.73, 74 
In addition to the interactions between the side chains, the overall shape of 
the brush is influenced by the interactions of the side chains with the environment, 
such as solution and substrate. For instance, upon adsorption onto a high surface 
energy substrate such as mica, molecular brushes adopt a worm-like morphology, 
with the side chains partitioning between adsorbed and desorbed fractions (Scheme 
1.1B).24, 71, 75 The adsorbed chains are fully stretched on the surface and act as 
separators between individual molecules. Furthermore, the adsorbed side chains 
cause extension of the backbone reducing the chain curvature and enhancing the 
chain resolution. On the other hand, the desorbed chains form a cap of random coils 
atop the backbone, enhancing the topographic contrast between the molecule and 
the substrate (Scheme 1.1B).24, 71, 75 As a result of the partitioning, adsorbed brush 
molecules are easily visualized by AFM, making them ideal specimens for molecular 
visualization experiments.  
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Scheme 1.1. Molecular brushes are new functional, self-assembled materials. 
(A) They are composed of a flexible backbone (N~100 – 2000) with long side chains 
chemically grafted from each monomer unit of the backbone (n~10 – 200). (B) Upon 
adsorption, the side chains partition between adsorbed and desorbed fractions. The 
adsorbed side chains also act as separators between the individual brush 
molecules, and the desorbed side chains serve as topographic enhancers. 
 
  15 
1.4 Outline of the dissertation 
 The next two chapters (Chapter 2 and 3) of the dissertation are dedicated to 
the development of different imaging tools for accurate analysis of dimensions (size 
and shape) of individual molecules and molecular assemblies. The goal of this work 
is to demonstrate the importance of molecular imaging by AFM as a characterization 
tool that can be used in conjunction with conventional analytic techniques. Thus, in 
Chapter 2 of the dissertation, molecular visualization results from the branching 
analysis of linear molecules and the study of molecular brushes with a gradient 
composition in the backbone will be presented. In Chapter 3, results of the top-down 
PFPE-based soft lithographic method used to mold adsorbed soft particles will be 
presented. 
The developed imaging techniques have been applied to molecular brushes 
with heterogeneous semi-crystalline compositions (Chapter 4 and 5). The goal of 
this work is to understand the self-assembling nature of heteropolymer brushes and 
to characterize their unique morphology along with chain alignment.  
• Chapter 2 – Molecular imaging of complex molecular topologies: 
Branched chains and gradient brushes 
• Chapter 3 – Molding block copolymer micelles: A framework for 
molding discrete soft nanostructures on surfaces  
• Chapter 4 – Molecular brushes with heterogeneous compositions: Self-
assembly by crystallization  
• Chapter 5 – Molecularly-confined crystallization of macromolecular 
brushes with semi-crystalline diblock copolymer side chains 
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CHAPTER 2 
 
MOLECULAR IMAGING OF COMPLEX MOLECULAR TOPOLOGIES: 
BRANCHED CHAINS AND GRADIENT BRUSHES 
 
2.1. Introduction  
Quantitative information about macromolecular topology is becoming 
invaluable with the emergence of novel and complex structures, such as star- and 
brush-like macromolecules and dendrimers, for micro- and nano-scale devices.1-3 
Full quantification and analysis of these novel structures can be quite challenging 
with conventional polymer characterization methods, such as gel permeation 
chromatography (GPC) and nuclear magnetic resonance (NMR).  
Molecular imaging using an atomic force microscope (AFM), however, can be 
used to study chemical and physical phenomena at the molecular level by 
monitoring individual molecules. As stated previously (Chapter 1), AFM can be used 
to fully characterize molecular weight4 and chain dimensions5-7, as well as 
investigate physical transitions8-14 and association processes.15 Suffice to say, by 
using this method, one can directly obtain the desired topological information, as 
well as characterize macromolecular properties and behavior. 
In this chapter, two examples of how molecular imaging by AFM can be used 
to probe structure-property relations will be presented.  
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In the first half, visual evidence and quantification of branching in linear 
molecules will be presented (Scheme 2.1). The model systems used in this study 
were acrylate-based macromolecular brushes synthesized via atom transfer 
polymerization (ATRP) and free radical polymerization (FRP). A comparison 
between acrylate and methacrylate-based macromolecules synthesized by ATRP 
was also undertaken. To facilitate the molecular visualization experiments and 
analysis, poly[2-(trimethylsilyloxy)ethyl acrylate] (PHEA-TMS) synthesized by ATRP 
and FRP were converted into macroinitiators, poly[2-(2-bromopropionyloxy)ethyl 
acrylate] (PBPE) and subsequently decorated with poly(n-butyl acrylate) (PBA) side 
chains, creating densely-grafted macromolecules that are easily visualized and 
analyzed by AFM.  The contrast enhancement due to the side chains is similar to 
that of linear chains decorated with bulky molecules16 and nanoparticles.17 
Conventional characterization methods of 13C NMR and gel permeation 
chromatography coupled with a multi-angle laser light scattering unit (GPC-MALLS) 
indicated the presence of branching. Molecular visualization results obtained from 
AFM were corroborated by GPC-MALLS and 13C NMR findings, and in addition, 
quantified the degree of branching in each model system. 
 
Scheme 2.1. Topologies observed by AFM for macromolecules synthesized by 
ATRP and FRP. Quantification of the degree of branching in model systems was 
undertaken using molecular imaging by AFM. 
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In the second part, molecular brushes with a spontaneous gradient backbone 
composition were visualized and their profiles characterized. The monomer pairs of 
methyl methacrylate (MMA)/2-(trimethylsilyloxy)ethyl acrylate (HEA–TMS) and 2-
(trimethylsilyloxy)ethyl methacrylate (HEMA–TMS)/ n-butyl acrylate (BA) were used 
to prepare gradient copolymers due to the inherent difference in reactivity between 
acrylates and methacrylates in radical polymerization.18 The monomer pairs were 
copolymerized simultaneously by ATRP. In using a controlled polymerization 
technique, such as ATRP, there was excellent control over the reaction, resulting in 
well-defined linear chains with a gradient in compositions along its length. 18 The 
HEA–TMS and HEMA–TMS monomers in each pair were converted into ATRP 
macroinitiators, and decorated with PBA side chains. Because of the gradient 
composition, the density of PBA chains varies with the monomer distribution along 
the backbone. This change in grafting density is reflected in the amount of desorbed 
side chains, i.e. the height of the molecule, as well as the change in the stiffness of 
the backbone, that is the backbone becomes more flexible as a result of the 
decreased repulsion between neighboring side chains. Molecular visualization 
results confirm the gradient composition along three different specimens (Scheme 
2.2). 
 24 
 
Scheme 2.2. Gradient copolymer schematic.  Composition and distribution along 
the chain can be varied spontaneously or by force.  In order to visualize and 
characterize these unique materials by AFM, (A) linear gradient backbones were 
decorated with p-nBA side chains (B). (Reprinted with permission from 18. © 2005 
American Chemical Society.)  
 
 
2.2. Characterization of branching in linear poly(alkyl acrylate) 
macromolecules (in preparation) 
In general, branching occurs as a frequent and undesirable side reaction 
during Free Radical polymerizations (FRP). In fact, uncontrolled branching as a 
result of chain transfer to polymer reactions during FRP remains a key industrial 
issue that persists today since it is known to affect a material’s properties and 
performance.19-25 
Chain transfer (CT) reactions involve the transfer of reactivity from one 
actively propagating radical to another species. The main driving force for the 
reactions to occur is the increased stability of the tertiary (3°) radical formed after 
hydrogen abstraction from the initiator, solvent, monomer, and/or the polymer 
itself.26, 27 Specifically in polymer CT reactions, the reaction occurs by intermolecular 
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transfer or by intramolecular transfer also known as “backbiting.”  Intermolecular CT 
to polymer is a bi-molecular reaction that involves a chain abstracting a hydrogen 
from a 3° carbon present in the backbone of another polymer (Scheme 2.3A).26, 27 
The branches produced via this mechanism may be long or short, depending on 
reaction conversion and initial monomer concentration [M]o.26, 27 On the other hand, 
intramolecular CT to polymers is a uni-molecular reaction that occurs at or near the 
propagating chain end of the sample molecule. It involves a cyclic transition state, 
typically a 5- or 6-membered ring, before complete radical transfer, thereby 
producing only short branches (Scheme 2.3B).26, 27 At higher reaction temperatures, 
another source of branching is β-fragmentation.  During β-fragmentation, 3° radicals 
produced during previous CT reactions break and form chains with unsaturated 
chain ends, or macromonomers, which are then incorporated into propagating 
chains as polymerization proceeds, resulting in long chain branching (Scheme 
2.3C).28-30 
 26
 
 
 
Scheme 2.3. Chain transfer to polymer mechanisms. (A) Intermolecular CT, (B) Intramolecular CT, also called 
backbiting, and (C) β-fragmentation. 
 
 27 
The use of controlled radical polymerization (CRP) methods should be 
enough to circumvent the problem of CT side reactions that result in unwanted 
branched molecules. Similar to FRP, CRP systems involve propagating radical 
chains ends. The key difference between the two radical processes is that the chain 
ends in CRP have a “living” characteristic akin to that present in anionic 
polymerizations. That is, the propagating end does not undergo termination and/or 
irreversible chain transfer reactions resulting in a linear conversion versus time 
plot.26, 27 In particular, atom transfer radical polymerization (ATRP) is a frequently 
used method for the synthesis of various polymers with well-defined molecular 
weights, i.e. narrow polydispersities, which indicate that little to no chain transfer or 
termination reactions occurred during the polymerization.  This is due to the fact that, 
at any given time, only a small fraction of the polymer chains are actively 
propagating while majority are in a halide-terminated dormant state.31, 32 However, 
recently published reports show evidence of chain transfer reactions during acrylate 
ATRP, some of which result in randomly branched structures, reminiscent of FRP 
products.33-36 Chain transfer in FRP and ATRP should be identical since they are 
both radical processes. The inherent mechanistic differences between FRP and 
ATRP, as well as the reaction conditions during synthesis, can affect the degree of 
branching in molecules produced by FRP and ATRP. 
 
2.2.1. Branching characterization methods 
Regardless of the polymerization method, full characterization of the 
distribution and frequency of branch lengths, i.e. long versus short, extent of 
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branching, as well as chain architecture, is important.21, 24, 37 The techniques 
commonly used for branching analyses include 13C nuclear magnetic resonance 
(NMR) spectroscopy, rheology, triple-detector gel permeation chromatography 
(GPC), and GPC coupled with multi-angle laser light scattering (GPC-MALLS). 
However, there are inherent limitations and major discrepancies between the various 
methods. This makes it difficult to draw general conclusions about the branching 
distribution and length of branches, both of which directly affect structure-property 
relationships of polymeric materials. 
For instance, 13C NMR is a straightforward method that has been used 
extensively throughout the years to study branching in polyethylene (PE)21, 38-45 and 
other common polymers such as simple poly(alkyl acrylates).46 However, the low 
natural abundance of 13C isotope can result in poor sensitivity and low resolution of 
peaks.44, 45 More importantly, 13C NMR is unable to distinguish beyond branches 
containing C6 43, 45, 47 Branches up to ~C16 may be distinguishable if solid-state 
NMR is used but with some caveats.45, 48 That is, branches with >C6 are considered 
long chain branches (LCB), while those with C6 are defined as short chain 
branches (SCB). Resolution enhancement is possible by using solid-state 13C 
NMR45, increasing experiment times45, and changing solvents and temperatures but 
with limited results.  
On the other hand, rheology is a sensitive, indirect technique for branch 
determination. This method also has several drawbacks such as sample preparation 
issues, and the need for prior knowledge of physical models and/or parameters, and 
difficulty in determining zero-shear viscosity 0 for some materials.44, 49 The biggest 
 29 
drawback of rheology is its insensitivity to SCB, as it detects branches that are at 
and above a critical molecular weight for entanglement (Mc~2–4 Me>>C6), i.e. 
LCB.43-45, 49 This is quite different from the 13C NMR definitions for LCB and SCB, 
which leads to confusion when reporting branching statistics. Both 13C NMR and 
rheology do give an average branch value for the material despite this inconsistency.  
In contrast, triple-detector GPC and GPC-MALLS provide information about 
the distribution of branching across the whole molecular weight spectrum, and these 
techniques are especially good for high molecular weight samples.21, 44, 50, 51 In triple-
detector GPC, the Mark-Houwink plot generated gives information about LCB via a 
slope change, and SCB which produces a shift in the curve but no slope change 
when compared to a linear standard.21 However, some assumptions must be made 
in order to obtain this information.44 Many factors, including solvent quality and 
sample polydispersity, affect the assumptions made for each sample.44 Any mistake 
or miscalculation can lead to erroneous conclusions about the degree of branching 
in a certain molecule.44  
For GPC-MALLS, the radius of gyration can be used directly in determining 
the degree of branching at that molar mass. Unlike the triple-detector GPC method, 
no assumptions about molecular interactions are needed.51 Nonetheless, there are 
shortcomings to this technique such as the inability to accurately distinguish 
between LCB and SCB, and the abnormal elution of highly branched species.44, 50, 51 
But both triple-detector GPC and GPC-MALLS are prone to large error at very low 
LCB levels, i.e. the Zimm-Stockmayer relation breaks down for essentially linear 
molecules.43, 44, 47 
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2.2.2. Early studies of branching in acrylic polymers 
Branching has been extensively studied in polyethylene systems.21, 24, 37-45, 47, 
49-52
 But in recent years, the degree of branching in other industrially-important 
polymers, such as acrylic polymers, has also been investigated. Poly(alkyl acrylate)-
based backbones contain a tertiary (3°) carbon that makes them susceptible to 
attack by an actively propagating radical.  Currently, much of the evidence for both 
inter- and intra- molecular CTP is from 13C NMR and ESR spectroscopy.46, 53-55 
In their 13C NMR studies of poly(n-butyl acrylate (PBA) and poly(2-ethylhexyl 
acrylate) (PEHA) synthesized by FRP, Lovell, et.al. determined that the extent of 
branching depends on a few important parameters: percent conversion (%conv.), 
initial monomer concentration [M]0, and possibly, the free volume of the moieties 
present which affects reactant accessibility.46, 53 A dramatic increase in the degree of 
branching with increasing %conv., independent of [M]0, was observed. In addition, at 
a given %conv., branching from CTP increases with decreasing [M]0 especially at 
dilute solution conditions, attributed to a decreased monomer density around the 
active propagating chain end.46, 53 Electron spin resonance (ESR) experiments 
performed on FRP-made poly(phenyl acrylate) (PPhA) and poly(cyclohexyl acrylate) 
(PCHA) also showed an increase in branching with increasing %conv.54, 55 
 
2.2.3. Poly(alkyl acrylate)-based molecules: a model system 
The goal of this work was to determine the degree of branching in poly(alkyl 
acrylate)-based molecules synthesized by ATRP and FRP using various 
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characterization methods: molecular visualization by AFM, GPC-MALLS, and 13C 
NMR analysis.  
 
Scheme 2.4. Synthetic route for the molecular brushes consisting of a 
poly(alkyl (meth)acrylate)-based backbone and PBA side chains grafted from 
each monomer unit of the backbone via ATRP. The free radical synthetic 
procedure for (II) is similar with the exception of the initiator used (AIBN) and the 
absence of CuBr and PMDETA. The scheme presented is for ATRP. The free 
radical procedure is similar with the exception of the initiator used (AIBN) and the 
absence of CuBr and PMDETA. 
 
Poly(2-hydroxyethyl acrylate) (PHEA) backbones with comparable degrees of 
polymerization N were synthesized via atom transfer radical polymerization (ATRP) 
A(A) and the other by free radical polymerization (FRP) A(F). Both were 
subsequently converted into macroinitiators, AI(A) and AI(F), and decorated with 
poly(n-butyl acrylate) (PBA) side chains to give molecular brushes BA(A) and BA(F) 
using the “grafting-from” ATRP method. A PBA brush BM(A) consisting of a poly(2-
hydroxyethyl methacrylate) (PHEMA) backbone M(A) was used as a reference. The 
details of the synthesis of the poly(alkyl acrylate) model systems and their 
corresponding poly(n-butyl acrylate) (PBA) molecular brushes are presented in 
Appendix A. The reaction route is presented in Scheme 2.4. 
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Monomer conversion was determined by a gas chromatograph equipped with 
a FID detector and by gravimetry. The average molecular weights and molecular 
weight distributions of the backbone polymers and the subsequent brushes were 
measured by GPC from Wyatt equipped with Waters microstyragel columns (pore 
size 105, 104, 103Å) coupled with a multi-angle laser light-scattering (MALLS) 
detector (DAWN EOS, λ=690 nm). The dn/dc=0.045 mL/g of the poly(alkyl acrylate) 
chains was determined from refractive index measurements on a series of solutions 
(~0.1–1.0 mg/mL in THF) using an Abbe Refractometer NAR-1T from Atago USA, 
Inc.).  
Figure 2.1 shows the GPC-MALLS traces for the macroinitiator backbones 
(AI(A), AI(F), and MI(A)) and the corresponding brushes (BA(A), BA(F), and 
BM(A)) are shown in Figure 2.1 It is clear that both AI(A) and MI(A), the backbones 
synthesized by ATRP, have narrower polydispersity indices PDI than the FRP-made 
backbone AI(F). These traces show that the ATRP reactions proceeded in a more 
controlled fashion, that is, well-defined polymers are easily achievable by ATRP.32, 56 
There is a high molecular weight shoulder present in the acrylate backbone trace 
AI(A), which indicates that side reactions, such as chain transfer and coupling 
reactions, might have occurred during the polymerization.51, 57-60 On the other hand, 
the broad GPC-MALLS trace observed for AI(F) corroborates numerous studies by 
others that FRP-made poly(alkyl acrylates) are highly polydisperse and contain 
various types of molecules, including those with saturated and unsaturated chain 
ends, different end-groups, as well as SCB and LCB molecules, that result from 
unavoidable side reactions.28, 46, 53, 55, 61-64 Noteworthy is the fact that the trace 
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observed for MI(A), the methacrylate-based backbone, is significantly narrower than 
both AI(A) and AI(F). This is attributed to the absence of a reactive hydrogen in the 
growing chain that can participate in chain transfer to polymer side reactions which 
result in branches. 
Subsequent grafting of PBA side chains from each backbone was successful 
as evidenced by the shift to higher molecular weights (Figure 2.1). The brush traces 
obtained have similar characteristics to their respective backbones, such that BA(A) 
and BM(A) peaks are narrower than that of BA(F). There is still a slight shoulder 
present in the high molecular weight region of the BA(A) curve, reflecting the 
backbone characteristic. The trace for BA(F) is still very broad, with emphasis on the 
lower molecular weight region, which again highlighted the prevalence of termination 
during backbone polymerization. 
The characterization results for the three brushes are summarized in Table 
2.1. 
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Figure 2.1. GPC-MALLS traces of the poly(alkyl acrylate) and poly(alkyl 
methacrylate)-based backbones and their corresponding PBA brushes. It is 
apparent from the above traces that the reactions carried out using ATRP (A) and 
(C) were better controlled, producing well-defined molecules, in contrast to that 
synthesized by FRP (B). However, there is a high molecular weight shoulder present 
in (A) that may be due to branched or coupled species.  
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Table 2.1. Reaction conditions and characterization of PBA brush polymers. 
 
Sample 
ID Formula 
Polymerization 
method Monomer 
Temperature 
(°C) Conversion DP 
a
 
Mn,GPC 
c
 
× 10-5 
PDI c 
A(A) PHEA-TMS1,580 ATRP HEA-TMS 80 39.5 1,580 3.99 1.32 
BA(A) P(BPE1,580-g-PBA35) ATRP n-BA 70 2.2 35 74.6 1.48 
A(F) PHEA-TMS1,800 FRP HEA-TMS 60 50 1,800 b
 
1.96 3.86 
BA(F) P(BPE1,800-g-PBA45) ATRP n-BA 70 2.8 45 13.3 3.28 
M(A) PHEMA-TMS1,800 ATRP HEMA-TMS - - 1800 3.3 1.11 
BM(A) P(BPEM1,800-g-PBA45) ATRP n-BA - - 25 44 1.09 
 
a: Obtained from gravimetry   
b: Calculated from Mn/m0, where Mn=molar mass obtained from GPC-MALLS, m0 = molar mass of HEA-TMS   
c: Obtained from GPC-MALLS in THF
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2.2.4. Branching characterization by AFM 
Molecular imaging of individual molecules by an AFM can resolve some of the 
issues both discussed and experienced in previous sections as it allows direct 
quantitative analysis of both distribution and length of branches along the backbone.  
Single molecule films were prepared by spincasting dilute chloroform 
solutions (~0.01%wt.) onto freshly-cleaved mica. Dense films were prepared using 
the Langmuir-Blodgett deposition. Each polymer film was transferred to freshly-
cleaved mica at a controlled low pressure of 0.5 mN/m. The same procedure was 
used for the preparation of films of each polymer brush encapsulated in a matrix of 
linear PBA.   
All of the films were imaged using a Multimode Atomic Force Microscope in 
tapping-mode. Silicon cantilevers with resonance frequencies of about 160 kHz, 
spring constants of 5.0 N/m, and radii less than 10 nm were used. Specially 
developed computer software was to obtain length measurements from the captured 
micrographs. Histograms were constructed from the height data obtained from the 
Nanoscope software (version 5.12). 
Individual brush-like macromolecules with distinguishable backbones and a 
barely-visible crown of PBA side chains were resolved upon scanning of dense 
monolayer films of BA(A), BA(F), and BM(A) (Figure 2.2A–2.2C). The clear 
resolution of these macromolecular brushes is due to the topological contrast 
between the surface and the molecule as discussed in Chapter 1.1 In addition to the 
contrast enhancement, the adsorbed side chains separate individual molecules and 
the steric repulsion between the grafted chains result in the extension of the 
 37 
backbone.1 The density of each film is affected by the width of the brushes. BM(A) 
has the narrowest width at 21 nm and BA(F) the widest at 70 nm. Thus, all of these 
factors combined facilitate molecular imaging and image analysis of molecular 
dimensions and branching topology.1  
 
2.2.4.1. Molecular characterization by AFM  
Length analyses were carried out using the dense monolayer film. It can be 
concluded from the results that molecules BA(A) and BM(A) are better defined than 
BA(F). Sample BA(F) demonstrates significantly broader length distribution, further 
highlighting the shortcomings of FRP, i.e. the prevalence of side reactions such as 
termination and disproportionation, throughout the polymerization (Figure 2.3). When 
comparing ATRP samples BA(A) and BM(A), the latter shows narrower length 
distribution than BA(A). These results are consistent with the GPC-MALLS data 
(Table 2.1 and Figure 2.1). However, one can see that the number average contour 
length Ln of BA(A) (240±10 nm) is shorter than expected (Ln,theo=380 nm), i.e. the 
distribution is skewed towards shorter lengths (Figure 2.3) even when only 
selectively measuring the linear molecules present in the film. Thus, only a small 
percentage of the chains are at the target Mn ~5×105 g/mol. In the case of BA(F), the 
average contour length Ln (115±9 nm) is significantly shorter than theoretically 
calculated (Ln,theo=430nm), which again highlights the shortcomings of FRP. The 
calculated PDI for BA(F) based on molecular visualization analysis is lower than that 
obtained from GPC-MALLS. This is in part due to much higher molecular weight 
resolution (i.e. less peak broadening) and in part due to the selectivity of the 
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molecular imaging. In addition, this could be due to the fact that AFM measures 
length and GPC hydrodynamic volume.58 For the poly(alkyl methacrylate)-based 
BM(A), the measured Ln (440±10 nm) is as expected (Ln,theo=430nm). Thus, it can 
be concluded that little to no termination and side reactions such as chain transfer to 
polymer occurred during the polymerization reaction. A summary of the results are 
presented in Table 2.2. 
 
 
Figure 2.2. AFM images of PBA brushes made from poly(alkyl acrylate) and 
poly(alkyl methacrylate)-based backbones.  From the dense films above (A–C), 
one can see that there are linear, long branched chains (arrows), chains with knots 
that are believed to be short branches (solid circle), and what appear to be 
overlapping linear chains (dotted circle) present in all of the samples. [A: BA(A); B: 
BA(F); C: BM(A)] Further evidence for the presence of branched macromolecules is 
provided by the AFM images of each brush polymers embedded in linear PBA matrix 
(pink arrows pointing to branch junctions).  [D: BA(A); E: BA(F); F: BM(A)].  
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Figure 2.3. Weight-fraction distribution of the molecular weights based on the 
measured lengths of poly(alkyl acrylate) and poly(alkyl methacrylate)-based 
PBA brushes. One can conclude that side reactions, such as termination and 
disproportionation, dominated in BA(F) as very few of the molecules achieved the 
target length. The molecules in BA(A) and BM(A) were produced in a more 
controlled fashion, and yet, one can see that the distribution for BA(A) is not as 
sharply defined as BM(A). This may be due to side reactions occurring during the 
polymerization. 
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Table 2.2. Length and branching analysis results for poly(alkyl acrylate) and poly(alkyl methacrylate)-based PBA 
brush polymers. 
 
 Sample ID Ln (nm) a PDI b Brush width (nm) 
Mn c (g/mol) 
x 10-6 
λ (nm-1) d  x 
104 λb 
e
  x 103 β f  x 10-3 
BA(A) 24010 1.40.2 402 91 9.90.7 0.120.01 8.30.5 
BA(F) 1159 1.90.6 704 21 141 0.180.04 5.60.9 
BM(A) 44010 1.10.2 211 31 1.10.1 0.014 0.002 71 7 
 
 
a: Number-average contour length 
b: Polydispersity Index, PDI = Lw/Ln 
c: Number-average molecular weight by AFM-LB technique4 
d: Number of branches per unit length 
e: Number of branches per C-C bond λb=λ×0.125 nm  
f: Number of C-C bonds between branch points β = 1/λb.  
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2.2.4.2. Degree of branching analysis by AFM. 
From cursory inspection of the images, one can quickly detect three different 
molecular topologies present in both BA(A) and BA(F) and, to a significantly lesser 
extent, in BM(A): linear, branched, both LCB and SCB, and overlapping linear 
chains (Figure 2.2A–2.2C). To ensure that the branches observed were indeed 
chemically-formed structures, brush molecules were strongly diluted with linear PBA 
(10 wt.-%,/,90 wt.-%), which is a good solvent for the PBA brushes (Figure 2.2D–
2.2F). The excluded volume repulsion between the encapsulated brushes results in 
the extended conformation of brush backbones, while further separating individual 
molecules from each other.65 Such methodology reduces the number of physically 
overlapping entities to almost zero, ensuring that the branched molecules observed 
are a result of chemical linkages. As can be seen in Figure 2.2, it is clear that there 
are indeed randomly-branched, predominantly Y-shaped, molecules of chemical 
origin present in BA(A) and BA(F). In addition to LCB, one can also see SCB, 
manifested as knots along the backbone. 
The assignment of the different topologies present was corroborated by the 
distribution of the heights of linear chains versus branch junctions of Y-shaped 
molecules and knots present along the backbone. The thicknesses of the 
overlapping chains is greater than twice the height of a linear chain and is ascribed 
to an autophobic effect between the PBA side chains on neighboring brushes.66 
Based on the height data, molecules in each dense monolayer film were sorted and 
categorized as linear, branched, or overlapping linear chains. From the data, the 
degree of branching was determined.   
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Figure 2.4 shows that majority of the species present in all of the samples are 
linear molecules with a small fraction of overlapping linear chains. Especially for the 
poly(alkyl methacrylate)-based sample BM(A), practically all the molecules present 
are linear chains with very few branched entities observed, with numbers 
significantly lower than BA(A) and BA(F) (Figure 2.4). As mentioned earlier, this is 
largely a consequence of the BM(A) chemical composition, that is methacrylates do 
not have a tertiary (3°) hydrogen available for chain transfer to polymer to occur.28, 46 
Instead, methacrylates are prone to chain transfer to monomer reactions, which do 
not result in branched chains.67, 68 Impurities present in the methacrylate monomer 
and disproportionation reactions are the likeliest sources for which chain transfer can 
occur in poly(alkyl methacrylates).31 
In the case of poly(alkyl acrylate)-based samples, the occurrence of random 
branching in both BA(A) and BA(F) is expected regardless of the polymerization 
technique. Acrylate monomers have a 3° hydrogen available for abstraction and thus, 
side reactions, such as chain transfer to polymer can occur easily by means of 
intermolecular transfer, intramolecular transfer or “backbiting”, or β-fragmentation at 
higher reaction temperatures.26, 28, 30, 31 And additional side reactions, such as 
disproportionation, and/or termination during various stages of the polymerization 
can also yield in long-branched molecules and short linear chains respectively. 
Quantification of the degree of branching shows that the backbones 
synthesized by ATRP (A(A)) are less branched than their FRP synthesized 
counterpart (A(F)) (9.9x10-4 versus 1.4x10-3 branches per nm). One must be careful, 
however, since the reaction conditions for backbone synthesis were not well 
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monitored and therefore, had some variation in temperature (A(A): T=80°C vs. A(F): 
T=60°C) and conversion (A(A): 40% vs. A(F): 50%), no definitive conclusion about 
which polymerization method produces unwanted branching can be made at this 
point. 
Nonetheless, the apparent degree of branching for BA(A) seems higher than 
expected, as this corresponds to ~16% of BA(A) molecules having branches. This 
unexpected result can be attributed to the reaction conditions during synthesis, a 
consequence of ATRP mechanism, the limited statistics of molecular imaging (to be 
discussed later), or a combination of the aforementioned factors. Higher synthetic 
temperatures favor macromonomer formation in ATRP, which results in more LCB.29, 
30
 Mechanistically, in ATRP, polymer chains are active throughout the 
polymerizations and the probability for transfer reactions to occur increases with 
higher conversions, i.e. less monomers are available for addition to the chain end. 
On the other hand, extensive termination reactions throughout FRP resulted in more 
“dead” chains, i.e. polymers that are unable to propagate, thus a smaller number of 
active chains can form branched structures. Thus, one must keep in mind that ATRP 
is not a true “living” method, and termination and other side reactions can still 
occur.34-36, 57 For instance, during styrene ATRP, it was determined that the 
suppression of fast termination reactions can actually lead to an increase in slower 
side reactions such as elimination when compared to FRP.69 It is probable that chain 
transfer is the limiting reaction for the poly(alkyl acrylate) ATRP. Despite the 
apparent limitation, ATRP is still one of the most versatile and facile polymerization 
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methods for synthesizing macromolecules of high quality and definition. Results are 
summarized in Table 2.2. 
 
Figure 2.4. Distribution of the topologies present in poly(alkyl acrylate) and 
poly(alkyl methacrylate)-based brushes. Majority of the molecules present are in 
all three are linear chains. However, both (A) BA(A) and (B) BA(F) have more 
branched structures that are chemical in origin compared to more linear chains in 
(C) BM(A). The difference in heights from one sample to the other can be attributed 
to tip variations. 
 
 
2.2.5. Branching characterization by GPC-MALLS 
GPC-MALLS is a conventional method for branching characterization, with 
qualitative indication of branching from the log radius of gyration (Rg) vs. log Mn 
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(conformation plot). A more quantitative branch ratio g across the entire molecular 
weight spectrum is possible as long as there is an area of overlap in the molecular 
weight ranges of the linear standard and the samples to be analyzed.  
The branching characteristics of acrylate-based backbones AI(A) and AI(F) 
were studied using GPC-MALLS with PMMA (Mn=460,000 g/mol, dn/dc=0.086 
mL/g)70 as a linear reference standard. The PMMA-460k is used here strictly to 
illustrate the deviation from linear polymer behavior in a good solvent since there is 
no exact linear standard available for the backbones under study. Therefore, the 
quantification of branch ratio was not attempted here. Figure 2.5A shows the log Rg 
vs. log Mn for AI(A), AI(F), and PMMA-460k. As can be seen, the slope of PMMA-
460k (ν=0.558±0.009) is consistent with Flory theory for a linear chain under good 
solvent conditions.71 For AI(A) and AI(F) the slopes are significantly less, at 
ν=0.363±0.001 and ν=0.487±0.004 respectively. In addition, there is an upward 
curve observed at the higher molecular weight region of the AI(F) line. These are 
indications of branched structures. GPC-MALLS, however, does not give information 
about the shape of the branched macromolecules. The presence of branches in 
AI(A) is corroborated by 13C NMR data and molecular visualization of the brush 
macromolecules, and will be discussed in the next sections. 
From the plot of the branch ratio g versus molecular weight, it can be seen 
that the viable molecular weight overlap range between PMMA-460k and the 
poly(alkyl acylate)-based backbones is quite narrow, only Mn~7.2 x105–8.7x105 
g/mol (Figure 2.5B). Furthermore, in the valid molecular weight range, AI(A) is more 
branched than AI(F), relative to PMMA-460k. But one must be cautious about 
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drawing conclusions about the branching characteristics of AI(A) and AI(F) as the 
difference in branch ratio between the two polymers is actually very small (g~0.06-
0.07). As such, it is very difficult to draw a solid quantitative conclusion regarding the 
branching characteristics of AI(A) and AI(F), because of the linear standard used 
and the narrow range of values obtained from the analysis. 
 
 
 
Figure 2.5. Conformation plot of poly(alkyl acrylate)-based backbone AI(A) and 
AI(F). (A) The slopes of the lines for AI(A) and AI(F) are less than ν~0.6 (Flory 
exponent for an ideal linear chain in a good solvent) as observed for PMMA-460k. 
(B) Plot of the branch ratio, relative to PMMA-460k. 
 
 
2.2.6. 13C NMR branching analysis 
One of the conventional methods for branch analysis, 13C NMR was used to 
study AI(A), and the results were compared with that obtained from GPC-MALLS. 
The 13C NMR experiments (1H-decoupled, DEPT, and quarternary carbon) carried 
out on the acrylate backbone (in CDCL3) were acquired using a 500 MHz Bruker 
DRX 500. 
A typical 13C spectrum of AI(A) obtained from direct acquisition after ~20 
hours is presented in Figure 2.6A. Sharp peaks corresponding to the carbons 
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present in the poly(alkyl acrylate) pendant group are observed at around chemical 
shifts  ~ 20, 40, 62, and 170 ppm, relative to TMS. Signals from the backbone 
carbons are very broad and contain multiple peaks within the main peak (~34, 41, 
173 ppm), indicating the presence of numerous isomeric configurations in AI(A).72 A 
solvent peak (CDCL3) is present at ~80 ppm. Lovell, et.al. observed a quaternary 
carbon (Cq) signal at ~ 47-48 ppm for poly(n-butyl acrylate) and poly(2-ethylhexyl 
acrylate) chains synthesized free-radically.46, 53 But because AI(A) has a slightly 
different chemical environment than the aforementioned poly(alkyl acylates), the Cq 
signal for AI(A) may be shifted, and may possibly be covered by signals from other 
more abundant carbons at ~40 ppm. Peak assignments are summarized in Table 
2.3. 
To verify that a peak corresponding to the branched carbon is present, DEPT 
and Cq probing experiments were undertaken. In DEPT experiments, one regains 
the multiplicity information lost in the 1H-decoupled 13C experiments, i.e. primary 
(methyl), secondary (methylene), versus tertiary (methine) carbon peaks are present 
but Cq signals are not manifested.72 The spectrum obtained for AI(A) is presented in 
Figure 5.6B, and correlates with the 1H-decoupled 13C spectrum obtained earlier, 
with methyl and methine carbon peaks facing up, while the methylene signals face 
down. As expected, no Cq signal is detected for the carbonyl functional group. 
However, it is not obvious if the Cq signal from the branch junctions disappeared or 
not. Therefore, an additional experiment probing only Cq signals was carried out. 
This spectrum is shown in Figure 2.6C. Based on this spectrum, one can easily see 
Cq peaks present at ~170 and 173 ppm, due to the carbonyls. Most importantly, 
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there is a peak present at ~41 ppm, which is attributed to the branched carbon 
present in AI(A).  
Despite the identification of the Cq signal, no quantification of branching in 
AI(A) was possible due to the poor resolution of the spectrum obtained. 
Deconvolution of the quaternary and methine backbone carbons required more 
rigorous, sophisticated and time-consuming experiments, which are beyond the 
scope of this study. This demonstrates a major drawback for 13C NMR analysis of 
branched polymers, in addition to the lack of information about the branch shapes 
and distributions. However, the qualitative identification of the branched carbon 
signal corroborated the GPC-MALLS observations of branches in AI(A). 
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Figure 2.6. 13C NMR of poly(alkyl acrylate) backbone AI(A) synthesized by 
ATRP. (A) 13C–1H decoupled spectrum after 20 hr. (Inset: chemical structure and 
magnification of Cq signal) (B) DEPT spectrum. (C) Cq spectrum.  Peak assignments 
are outlined in Table 2.3   
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Table 2.3. 13C NMR peak assignments. 
  
 
2.2.7. Conclusions and Future work 
Molecular imaging of branching in linear poly(alkyl acrylate)-based 
macromolecules synthesized by ATRP and FRP was carried out successfully using 
AFM. In agreement with GPC-MALLS and 13C NMR measurements, AFM reveals 
well-defined molecules in the ATRP-made polymers (BA(A) and BM(A)) and poorly-
defined molecules in the FRP sample (BA(F)). Quantification of the degree of 
branching in each model system was achieved through this simple and direct 
method.  
There are limitations in the methodology for analyzing branching by AFM. 
One of the major limitations is the additional modification necessary to make the 
molecules visualizable by AFM. If side-chain grafting is impossible, there are other 
“chain decoration” techniques that can be used to render linear chains visualizable, 
Peak δ, ppm Assignment 
A 21 Pendant methyl 
B 40 Pendant methine 
C 62, 63 Pendant methylenes 
D 34 Backbone methylene 
E 170 Pendant carbonyl away from the backbone 
F 173 Pendant carbonyl next to the backbone 
G* ~41 Backbone methine 
 
H* ~41 Cq branch 
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though at the expense of much lower resolution.16, 17 Another shortcoming of this 
method is that the analysis is only limited to the imaged molecules instead of the 
entire sample as is the case for the conventional techniques previously discussed. 
This can lead in incomplete branching statistics, although one can argue that the 
ability to analyze only relevant species is, in fact, more of an advantage than a 
limitation. Also, SCB quantification can be challenging due to the decreased 
resolution for chains shorter than 3-4 carbon lengths. Further complications arise if 
the macromolecules form loops and/or kinks on the surface. Because these 
structures have comparable junction heights with SCB, this can result in a higher 
degree of branching, a distinct possibility in the analysis of BA(A) which has 
substantially more chains with knots than BA(F).  
Regardless of these issues, branching analysis by AFM has numerous 
advantages as an analytical technique as it allows for direct visualization and 
verification of molecular topology. Furthermore, branch quantification, both average 
branch values and branch distribution across lengths/molecular weight, are possible 
without any complex mathematical relations, assumptions about a material’s 
properties, and perfect linear standards. Thus, branching analysis by molecular 
imaging by AFM is an excellent complementary technique to the more conventional 
analytical methods, such as 13C NMR and GPC-MALLS, used to study branching in 
polymers. 
 Future work in this project includes: 
(1) Determining a correlation, if any, between synthetic parameters and 
degree of branching in ATRP: kinetic studies which include varying 
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temperature and/or monomer conversions, and the subsequent 
visualization of products from the various synthetic conditions in 
conjunction with 13C NMR and GPC-MALLS analyses. 
(2) Determination of the predominant branching pathways in ATRP: the 
incorporation of markers at chain ends may help in determining the 
primary mechanism by which branching occurs in ATRP, i.e. 
macromonomer formation and addition versus intramolecular CT. 
 
2.3. Conformation of gradient brushes18  
Advances in polymerization techniques, especially living anionic and other 
controlled radical polymerization, have made preparation of polymer molecules with 
controlled composition and Mn possible. However, it was not until just recently that 
control of the distribution, or the sequence, of the monomer components was even 
feasible. As a result of the composition and distribution of monomer units along the 
molecule, this new class of copolymers exhibit distinctly different properties from the 
other types of copolymer materials. In controlling the sequence, one can create well-
defined tertiary structures from a single polymer chain. For example, Wu, et. al. 
developed a method for preparing long multi-block (“blocky”) copolymer chains with 
well-controlled block lengths and block sequence that can self-fold into flower-like 
nanostructures which are useful for studying biologically-relevant phenomena such 
as protein folding.73, 74 The focus of this study will be another type of copolymer with 
controlled chain sequences and lengths, the gradient copolymer molecule.   
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Gradient copolymers are a new class of materials complementary to random, 
statistical, and block copolymers (Scheme 2.2A). Some of the more interesting 
properties of these polymers are broad glass transition temperatures Tg, lower shear 
moduli, and longer elongation capability.75 Their unique properties make them 
attractive candidates for many industrial applications, including blend compatibilizers 
and stimuli-responsive materials. 
Well-defined gradient molecules can be synthesized by ATRP either 
spontaneously or forcefully though the later method is preferred because it allows for 
broader compositional range.75, 76 Despite the synthetic capabilities, characterization 
of the chemical composition, i.e. the sequence of the monomeric units, is still lacking. 
Molecular visualization can be used for both visualization and profile analyses of 
these gradient copolymers. For this particularly study, gradient samples with 
different grafting densities were synthesized via spontaneous copolymerization of 
methyl methacrylate (MMA) with the ATRP initiating group, 2-(trimethylsilyloxy)ethyl 
acrylate (HEA–TMS), as well as n-butyl acrylate (n-BA) with the 2-
(trimethylsilyloxy)ethyl methacrylate (HEMA–TMS) initiator. In order to visualize and 
characterize these materials using AFM, these gradient copolymers were decorated 
with PBA side chains, grafted from each of the initiating moieties (Scheme 2.2B).   
 
 
2.3.1. Theoretical behavior of gradient brushes upon adsorption 
 Scheme 2.5 shows the conformation adopted by the gradient brush-like 
macromolecules on a surface. The variation in grafting density along the backbone 
results in the coexistence of different morphologies in a single molecule. Above a 
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certain grafting density, not all the side chains present can adsorb onto the surface 
due to space constraints. Thus, a large fraction of the side chains segregate along 
the backbone above the substrate surface, creating a bulky head region as seen in 
Scheme 2.5. Moreover, in this region, the repulsive interactions between the side 
chains will cause the backbone to stretch to full extension. However, when the 
grafting density is decreased, that is, more spacers such as MMA are incorporated, 
there will come a point when there will be enough room on the surface to 
accommodate all the side chains. This creates a flat and less distinct tail region. In 
addition, the reduced repulsion between the side chains results in the contraction of 
the backbone. 
 
Scheme 2.5. Theoretical behavior of gradient brushes upon adsorption onto 
mica. Viewed from to the top, there is a region of stretched backbone indicative of 
the densely grafted head that gradually becomes more flexible as more spacers are 
incorporated (tail region). Looking at the molecule from the side, gradient brushes 
should exhibit a sloping profile, a consequence of the change in grafting density 
resulting in less side chains desorbing from the surface. However, the slopes 
exhibited depend largely on the monomer composition change along the backbone, 
i.e. instantaneous composition of backbone as polymerization proceeds. **Side view 
slope is exaggerated for emphasis. (Reprinted with permission from 18. © 2005 
American Chemical Society.) 
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2.3.2. Visualization and length analysis 
 Single molecules of three gradient brushes were visualized and characterized 
by AFM: IA-1, IA-2, and IIA-1. Spincast films of each molecule were visualized using 
a Multimode Atomic Force Microscope in tapping-mode and silicon cantilevers with 
resonance frequencies of about 160 kHz, spring constants of 5.0 N/m, and radii less 
than 10 nm. Specially developed computer software were used to obtain for length 
measurements from the captured micrographs.  
Molecules IA-1 and IA-2 are composed of MMA and HEA–TMS at 1:1 and 3:1 
ratios respectively. Molecule IIA-1 is composed of BA and HEMA–TMS at a ratio of 
5:1. Figure 2.7 shows height micrographs of all 2 brush molecules. GPC results are 
summarized in Table 2.4. 
Statistical analysis of the brushes was undertaken.18 As expected, the 
measured contour lengths of all samples reflected the flexibility of the backbones 
due to the incorporation of spacer groups. The length per monomeric unit lm values 
of the molecules were less than the all-trans extended length of lm≅0.25.1, 18 Since 
the calculated values are within statistical error of each other, it was difficult to obtain 
a linear correlation between the gradient density and molecular lengths. However, 
there was a decreasing lm trend from IA-1, IA-2, and IIA-1, a reflection of the 
increasing fraction of spacer groups in the backbones. Ironically, it was the 
increased gradient nature of the latter two samples that was to blame for the 
difficulty in the analysis and characterization. Results are summarized in Table 2.4. 
 
 
 56 
 
 
   
Figure 2.7. AFM images of the gradient brushes: (A) IA-1, (B) IA-2, and (C) IIA-
1. (Reprinted with permission from 18. © 2005 American Chemical Society.) 
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Table 2.4. Summary of molecular characterization results of gradient brush copolymers. (Reprinted with 
permission from 18. © 2005 American Chemical Society.) 
 
 GPC-MALLS / GC AFM 
Sample 
ID 
Backbone 
Composition Nbb 
Mn, g/mol 
x 10-5 PDI DPSC  
a Ln a (nm) D b (nm) lm c (nm) PDI d 
IA-1 MMA/HEA-TMS  (1:1) 515 3.27 1.32 40 90 ± 7 14 ± 3 0.175 ± 0.02 1.27 ± 0.03 
IA-2 MMA/HEA-TMS (3:1) 450 2.52 1.29 30 75 ± 2 14 ± 1 0.167 ± 0.02 1.27 ± 0.02 
IIA-1 n-BA/HEMA-TMS (5:1) 390 2.56 1.37 38 64 ± 3 15 ± 1 0.164 ± 0.02 1.24 ± 0.03 
 
a: Degree of polymerization of PBA side chains determined from GC 
b: Number-average contour length 
c: Average width of side chains measured by AFM 
d: Length per monomeric unit of backbone, Ln/Nbb 
e: Polydispersity index, Lw/Ln 
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2.3.3. Brush profiling by AFM 
On the basis of the information provided by the instantaneous composition 
plots18, the profile for IA-1 should contain a distinct head region that will gradually 
decrease in height until it reaches a plateau, i.e. a tail region. On the other hand, the 
profiles for IA-2 and IIA-1 would contain shorter regions of stretched backbones, that 
is, both brushes would exhibit a small head region and longer flexible tail regions 
due to the higher ratio of spacers present along the backbones. Even though the 
grafting densities were approximately the same, IIA-1 is expected to be more flexible 
than IA-2 because of the incorporation of soft BA monomers. 
In Figure 2.8A, the gradient profile was clearly visible in IA-1, which 
incorporated a higher fraction of the initiating HEA–TMS monomers in the backbone. 
This variation in copolymer composition along the IA-1 backbone was evidenced by 
the brighter, densely-grafted head, and a less distinct tail containing fewer side 
chains. This observation was in agreement with the theoretically predicted profile.  
On the other hand, confirmation of the gradients for IA-2 and IIA-1 were 
impeded by the lower grafting densities along the backbones (Figure 2.8B and 2.8C 
respectively). With a loosely-grafted system, analysis and visualization by AFM 
became a challenge due to the decreased contrast between the side chains and the 
backbones. Another complication came from the decreased side chain repulsion, 
which resulted in a highly contracted backbone upon adsorption onto the substrate. 
These two combined factors made it difficult to fully appreciate the uniqueness of 
these molecules since the micrographs showed relatively uniform profiles for most of 
the population in these films, a stark contrast to the sloping profile observed for IA-1. 
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The height profile for a typical molecule in each film was extracted. In the 
case of the densely-grafted brushes without a gradient of initiating groups, the 
fraction of adsorbed and desorbed side chains will be fairly constant along the 
backbone. In the case of gradient brushes, the dense head region will contain a 
greater fraction of desorbed side chains while the tail region will be fairly flexible with 
the decreased side chain repulsion. Thus, the gradient nature of these brushes was 
manifested by the height differences between the head and tail regions and is 
evident in the profiles presented in Figure 2.8A–2.8C. The profile of IA-1 followed a 
gentle sloping trend, while that of IA-2 and IIA-1 followed a more abrupt change due 
to the incorporation of the spacer groups. These profiles were comparable to the 
instantaneous composition plots obtained from the analysis of several aliquots taken 
during the reaction and analyzed by GC (dashed lines in Figure 2.8A–2.8C).18  
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Figure 2.8. Height profiles of gradient copolymer brushes. (A) The gradient characteristic of IA-1 was clearly visible 
from the extracted height profile. The source of the asymmetry along the backbone was the change in the fraction of 
desorbed side chains which corresponded to the change in grafting density, i.e. fraction of initiating groups incorporated 
into the macroinitiator determined from the instantaneous composition curve (dashed line). (B) The gradient was difficult 
to see overall, but some single brushes of IA-2 exhibited a gradient profile such that a distinct peak that corresponds to 
the densely grafted region of the molecule abruptly decreased in height, consistent with the instantaneous composition 
(dashed line). (C) Similar to IA-2, the gradient nature of IIA-1 was barely detectable because there were very few initiating 
groups along the copolymer backbone. The height profile did show the same trend as that of for the instantaneous 
composition (dashed line). (Reprinted with permission from 18. © 2005 American Chemical Society.)  
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2.3.4. Conclusions and future work 
Visualization and length characterization of brush-like molecules with gradient 
copolymer backbone composition was carried out successfully. Brush profile 
characterization was carried with some success. The lower grafting densities along 
the backbones with increasing spacer group incorporation impeded the analysis. 
This is attributed to the decreased contrast between the side chains and the 
backbones, as well as the contraction of the backbones due to the decrease in side 
chain repulsion. Grafting longer PBA side chains may aid in future AFM experiments 
involving weak gradient brush molecules. As such, molecular visualization by AFM is 
an extremely powerful and versatile technique that enables one to directly visualize 
molecular shape and quantitatively determine molecular dimensions.  
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CHAPTER 3  
MOLDING BLOCK COPOLYMER MICELLES: A FRAMEWORK FOR MOLDING 
OF DISCRETE SOFT NANOSTRUCTURES ON SURFACES  
 
3.1. Introduction 
 Imaging of soft and nanometer-sized objects by AFM is usually inaccurate 
due to tip-induced deformation of the objects and their convolution with the tip 
shape. As such, researchers continually search for new sample preparation 
techniques that would improve the accuracy of AFM imaging, particularly regarding 
object dimensions. Here we have explored the potential of PFPE-based soft 
lithography for molding and replication of soft nanoparticles.1 
Soft lithography is a popular and facile approach to nanofabrication2-5, which 
effectively eases the limitations in sizes and structures available for replication when 
compared to conventional photolithographic techniques where replication is 
restricted to planar surfaces, simple geometries, and conventional materials.4 In soft 
lithography, a master, typically made by photolithography, is molded and replicated 
using an elastomeric material. 
Currently, polydimethyl siloxane (PDMS) is the standard elastomer used. 
There are many advantages to using PDMS such as cost, ease of fabrication, 
durability, optical transparency, gas-permeability, and favorable mechanical 
properties, i.e. strength and flexibility.2-6 However, there are limitations to PDMS
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such as stamp shrinkage and collapse which can result in the distortion of the 
desired features.4, 7, 8 The most significant limitations of PDMS are its solubility in 
organic molecules and solvents, as well as its relatively high adhesion, which then 
restrict its applicability.2-4, 6-9 All of these factors, in turn, limit the resolution, fidelity, 
and minimal size of replicated features possible to only ~ 100 nm when using PDMS 
in soft lithography.2-4 
Recently, DeSimone, et.al. developed a nanofabrication procedure using 
photocurable perfluoropolyether (PFPE), which has the desirable mechanical 
properties of PDMS, but in addition, has better solvent resistance and a lower 
surface energy (γ≅12–16 mJ/m2) than PDMS (γ≅23 mJ/m2).10-12 Using home-made10-
12
 as well as commercially available13 PFPE, sub-100 nm size features have been 
successfully replicated with high fidelity from solid masters, as well as scum-free 
particles that are compatible with a variety of materials including biological agents.11, 
12, 14
 
In addition to traditional solid masters, the low adhesion properties of PFPE 
allows for the molding and replication of non-traditional structures, such as extremely 
soft, fluid-like structures15 and weakly-adsorbed soft and fragile assemblies of 
organic molecules, such as viruses and micelles, which require special molecules 
and thermodynamic conditions in order to form and maintain their structures ranging 
in sizes from 1 to 50 nm. This is a significant advantage, because it provides an 
opportunity to mold and replicate many unique shapes, particularly non-planar 
structures, in a variety of sizes which are difficult to obtain from conventional 
masters. 
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One of the vital questions in molding soft and weakly-adsorbed nanoparticles 
is determining what substrate to use throughout the process. That is, how low of a 
surface energy can a substrate have so as to reduce particle deformation upon 
adsorption, and still be able to successfully mold and replicate these unique and 
delicate masters. Two scenarios can occur during the molding process (Scheme 
3.1): either the particles remain on the substrate after molding (stronger adhesion to 
the substrate), or the particles can be removed from the substrate and adhere to the 
PFPE mold (stronger adhesion to the mold). Stronger adhesion to the substrate 
enables molding and replication of the particles (Scenario 1).4, 16 However, for 
delicate assemblies such as micelles, one must use low surface energy substrates 
to minimize particle deformation caused by adsorption, and yet still be able to mold 
these particles. As such, the range for the substrate surface energies has to be 
determined in order for molding to be successful. In a similar fashion, the surface 
energy of each component must be controlled in order to transfer particles between 
different substrates (Scenario 2).4, 17 
Initially, molecular brushes composed of PBA side chains were thought to be 
the ideal model system for this study. However, previous attempts to mold and 
replicate soft PBA brushes adsorbed on mica produced mixed results.15 Single 
molecules of PBA brushes were molded and replicated using PFPE with some 
fidelity. There was, however, a discrepancy in the dimensions measured from 
master to mold that can be attributed to tip deformation during imaging.15 In the case 
of fluid PBA droplets on mica, the results were inconclusive. The master and mold 
images showed a change in the shape of the droplets during the molding process. 
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And similar to the single molecule case, there was a discrepancy in the measured 
dimensions of the master, mold features, and the replicate, which were attributable 
to tip deformation.15 In addition, the cause of the shape change during the molding is 
still unknown as well and is still under discussion. Because of the difficulties 
encountered and the uncertainty in the process, poly(styrene)-b-poly(isoprene) (PS-
b-PI) micelles were used in the meantime to determine the surface energy needed 
for molding masters with delicate, and undeformed particles until such a time that 
the process is optimized for soft molecular brushes. 
In this chapter, results of the PFPE-based soft lithographic method using 
block copolymer micelles of poly(styrene)-b-poly(isoprene) (PS-b-PI) adsorbed on 
silicon substrates will be presented. Block copolymer micelles provide a flexible and 
robust model system as one can prepare nanometer sized particles of various 
shapes (spheres, cylinders, torroids, and vesicles) and sizes ranging from 10 nm to 
1000 nm. In addition, all micelles prepared in the same selective solvent have the 
identical surface composition, which is vital for this study as one wants to maintain 
the same adhesion while changing the micelle geometry. Micelle dimensions were 
characterized by light scattering, while the molding steps were monitored using 
Atomic force microscopy (AFM). In order to examine the effect of particle adhesion 
to the substrate, the molding process was studied using substrates with 
systematically varied surface energies. A surface energy threshold before particle 
removal from the substrate and into the mold was determined. This was in 
agreement with the theoretical prediction of the molding range, which determines 
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both the minimal surface energy of the substrate and the adsorption-caused particle 
deformation.  
 
Scheme 3.1. PFPE-based soft lithography using weakly-adsorbed particles as 
masters. After adsorption of particles on an appropriate substrate, two scenarios are 
possible. In the first scenario, all of the particles remain adsorbed on the substrate. 
The resulting PFPE mold can then be used to replicate the master. However, in the 
second scenario, the particles are lifted-off from the substrate and essentially get 
stuck in the molds. These adhered particles can then be harvested and transferred 
onto another substrate. (Reprinted with permission from 17. © 2007 American 
Chemical Society.) 
 
 
3.2. Theoretical analysis of competitive adhesion and master deformation 
3.2.1. The onset of lift-off 
During the lift-off process, an external force is applied to separate a master 
particle from either the master mold or the substrate. The first scenario is desirable 
for particle replication (Scheme 3.1, Scenario 1), while the second scenario is 
favored for harvesting and subsequent transfer of particles for various applications 
(Scheme 3.1, Scenario 2). The work against adhesion will be smaller when creating 
the new interfaces with lower surface energies. Here we perform calculations to 
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evaluate the cross-over between the two scenarios and the deformation of particles 
(master) caused by the interaction with the substrate and the mold. 
We first assume that (1) the particles are hard, and (2) the lift-off process is 
faster than the particle relaxation times. For the relatively large particles (H>10 nm), 
the contribution of the long-range van der Waals forces is also neglected. Under 
these assumptions, one can write the following expressions for the total interfacial 
free energy created during the lift-off process corresponding to Scenario 1 and 2, 
respectively:  
( ) ( ) mpmsptotspspppmssptot1 AAF γΣΣγΣγΣγΣ +−+++−=      (3.1) 
( ) msptotpsppmpmstot AAF γγγγ Σ−+Σ+Σ+=2  
where Atot is the surface area of the substrate per adsorbed particle, Σsp and Σpm are 
the areas of the substrate-particle and particle-mold interfaces; γs, γp, and γm are the 
surface energies of the substrate, polymer, and mold; γpm, and γsp are the interfacial 
energies of particle-mold and substrate-particle interfaces, respectively. Thus, the 
master will separate from the mold if 
 
( ) ( ) 012 >−+Σ+−−Σ=− spspspmppmpmFF γγγγγγ   (3.2) 
Using the Good-Girifalco relation 212112 2 γγγγγ −+= for the interfacial energy 
between phases 1 and 2 in terms of their surface energies, one can rewrite the lift-
off condition as follows 
m
sp
pm
s γΣ
Σ
γ >        (3.3) 
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In other words, the threshold surface energy for successful molding is: 
m
2
sp
pm
s * γΣ
Σ
γ








=        (3.4) 
At surface energies γs>γ*, particles remain adsorbed to the substrate (Scenario 1). 
For lower surface energies (γs<γ*), the particles will be lifted-off from the substrate 
and remain embedded into the mold (Scenario 2). 
 
3.2.2. Master deformation 
Here we introduce deformation of master particles due to adsorption. 
Consider the deformation of a particle having a shape of square cuboid prior to lift-
off (Figure 3.1). The undeformed cuboid has height H0, length L0=αH0, and the area 
of the square bottom face Σ0=L0×L0 (α is the asymmetry parameter). Upon 
deformation, the height of the cube decreases as 
0H)1(H ε−=        (3.5) 
where ε is the deformation. In the case of a rubber-like particle, it deforms at a 
constant volume such that the areas of the top and bottom facets increase with 
deformation as 
1-2
0 )1(L εΣ −=        (3.6) 
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Figure 3.1. Deformation of a cuboid (L0×L0×H0) upon adsorption to a substrate. 
(Reprinted with permission from 17. © 2007 American Chemical Society.) 
 
Adsorption-induced deformation is calculated from the balance of the 
interfacial (Fsurf) and elastic (Felast) free energies that has the following expressions 
(assuming small deformations ε<1):   
( )
( ) ( ) εαγααγαγ
ΣγΣγγγΣ
2
0pl
2
0plsltot
dplspplsltotsurf
H2SH4SA
R4)A(F
+−−−≈
+++−=
                                               
 (3.7) 
( ) 230221-elast 2HE3)1()1(26EVF εαεε ≈−−+−=               (3.8) 
where α is the asymmetry parameter, E is the Young’s modulus of the particle and S 
is the spreading parameter. Here the liquid phase (l) is referred to as the precursor 
for the mold. Combining the surface and elastic energies and keeping only ε 
dependent parts, one obtains the following expression for the increment of the free 
energy due to the deformation of the adsorbed cubes 
( ) 230220pl 2
HE
H2S)(F εαεαγαε∆ ++−≈      (3.9) 
The optimal value of the cube deformation, which optimizes both the surface energy 
and the elastic energy contributions, is obtained by minimizing the free energy with 
respect to deformation ε 
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where the spreading parameter S and the polymer-liquid interfacial energy can be 
written as follows  
( )( )pslp2S γγγγ −−≅      (3.11) 
( )2lppl γγγ −≅        (3.12) 
Thus, there is a very simple relationship between the deformation and the 
system parameters, which leads to the following conclusions:  
1) The deformation is inversely proportional to the Young’s modulus (harder samples 
are more difficult to deform).  
2) The deformation increases as the surface energies of the particle-liquid and 
substrate-liquid interfaces increase, i.e. the deformation of the sample leads to 
decrease of the particle-liquid contact area and to increase of the particle-substrate 
area.  
3) The deformation is also inversely proportional to the size of the cube, which 
indicates that one will need a larger Young’s modulus to achieve the same quality of 
the mold for reproduction of the smaller features.   
 
3.2.3. Optimal conditions for molding 
The conditions for optimal molding are determined by calculating a molding 
window confined between the minimal deformation under the given conditions E, H0, 
γm, and γp, and the allowable deformation or tolerance. For this purpose, two 
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conditions are established: (i) for the minimal deformation at the lift-off onset (Eq. 
3.4) and (ii) deformation at a given surface energy of the substrate γp (Eq. 3.10). 
These conditions can be presented in terms of ε and γs as follows: 
m
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It is important to point out that the particle replication is successful only within the 
range of the defined parameters, where both conditions are satisfied.  
The intersection of equations 3.13 and 3.14 gives the minimal particle 
deformation εmin and the threshold surface energy of the substrate γmin. In Figure 3.2, 
the dependence of εmin and γmin (Figure 3.4) as a function of the parameter EH 
(effective stiffness) for two types of mold materials, PFPE and PDMS, were plotted. 
As expected, the minimal allowable deformation εmin decreases with increasing the 
particle stiffness (modulus×size) (Figure. 3.2A). The opposite behavior is 
demonstrated by the minimal surface energy of the substrate γmin, which increases 
with the particle strength (Figure. 3.2B). This indicates that in order to open the 
molding window, one has to maximize the parameter EH. Important and 
counterintuitive conclusions are drawn when comparing the PFPE and PDMS molds. 
On one hand, the minimal particle deformation is lower for the PDMS mold due to 
the smaller value of the spreading parameter. On the other hand, this advantage 
cannot be harnessed since molding with PDMS requires substrates with much 
higher surface energies (γs>200 mJ/m2), making preparation of the master nearly 
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impossible under ambient conditions.  Adsorption of soft nanoparticles on high 
energy substrates involves significant deformation and irrecoverable damage of the 
delicate supramolecular assemblies such as micelles. In addition, molding organic 
particles using PDMS involves swelling of the particles with the organic molecules9, 
which also enhances the particle damage. Unlike PDMS, the semifluorinated PFPE 
is not miscible with organic materials10, 12, thus ensuring a sharp interface between 
the mold and the particle. 
 
Figure 3.2. The diagrams for the dependence of the minimal deformation of 
particles (A) and threshold surface energy of the substrate (B) on the effective 
stiffness of the particles. The calculations were done for molding by PDMS and 
PFPE resins of particles with γp=30 mJ/m2. (Reprinted with permission from 17. © 
2007 American Chemical Society.) 
 78 
3.2.4. Calculation of the surface energy of lift-off for PS-b-PI spherical micelles 
A surface energy threshold ∗1γ  for particle lift-off from the substrate can be 
theoretically estimated based on the following assumptions: (1) due to interaction 
with the substrate, a soft spherical particle adopts a shape of a hemispherical cap 
(Figure 3.3), (2) no further deformation of the particles and PFPE occurs throughout 
the molding procedure, i.e. the shape of dry micelles with the glassy PS core remain 
constant, and (3) only dispersion forces are present in the system because the 
interacting components, i.e. PI and the methyl terminated groups of the modified 
substrates, are all non-polar and neutral.18 The first assumption is verified by the 
close agreement between the hemisphere volume Vhemisphere=(2.5±1.3)x104 nm3 and 
the volume of the dry spherical particle, 3dry0 R3
4V ⋅= pi =(2.9±0.9)x104 nm3. The 
second assumption is verified by measuring nearly identical cross-sectional profiles 
of the master, mold, and replica (see Figure 3.5). The third assumption is consistent 
with the non-polar nature of the studied materials (PI-covered micelles, modified 
silicon wafers, and the PFPE mold). 
As shown in Section 3.2.1, the onset of particle lift-off occurs at surface 
energies of the substrate 3
12
23
11
2
γ
Σ
Σγγ ⋅





≅< ∗ , where HD23 ⋅⋅≅ piΣ  is the area of 
interface between the mold and the micelle and 4/D212 ⋅≅ piΣ  is the area of the 
interface between the micelle and the substrate (Figure 3.3). The height H=23±3 nm 
was determined directly from the cross-sectional profiles. The diameter of the 
adsorbed micelles D=45±5 nm was determined from length measurements between 
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contiguous micelles and subsequent extrapolation of the linear fit to the y-intercept 
(single micelle) to reduce the effect of tip shape.19, 20 Therefore, for the system under 
investigation (
12
23
Σ
Σ
≅2.0±0.3, γ2=30 mJ/m2 21, and γ3=14 mJ/m2), one finds that 
particle lift-off from the substrate onto the PFPE molds should occur at an average 
substrate surface energy of 7±56=1γ mJ/m
2
.  
 
Figure 3.3. The spherical micelle can be approximated as a hemisphere upon 
adsorption on the substrate, with the height of the cap being the diameter of 
the PS core. [1: Modified silicon substrate; 2: PS-b-PI micelle; 3: PFPE mold]. 
(Reprinted with permission from 17. © 2007 American Chemical Society.) 
 
The above calculations were performed for a fixed particle shape and given 
surface energies.  However, when dealing with soft nanoparticles, the effect of 
interfacial interactions is more complex, as it changes both particle adhesion and 
particle shape, i.e. contact areas. By increasing the surface energy of the substrate, 
one increases the particle-substrate adhesion, which also decreases contact area 
with the mold. Both factors promote molding. However, this occurs at the expense of 
particle deformation which may hinder certain molding applications, especially those 
involving small (R~10 nm), soft particles (E~1 MPa) with surface energy γp~10 
mJ/m2.  As such, for every type of master (size, shape, and stiffness) one has to 
determine the lift-off threshold (γmin= ∗1γ ) and the minimal particle deformation (εmin). 
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The details of calculations were presented in Sections 3.2.2 and 3.2.3. The 
calculations were conducted for a simple shape of square cuboid and can be 
generalized for any particle shape. Figure 3.4 shows plots of Equations 3.13 and 
3.14 from Section 3.2.3, which depicted the molding threshold ∗sγ  and the actual 
substrate surface energy γs as a function of the particle deformation ε. The plots 
were calculated for a square cuboid with height H0=25 nm, Young’s modulus E=1 
MPa, asymmetry parameter α=2 and particle surface energy γp=30 mJ/m2. The 
choice of parameters mimics the properties of adsorbed spherical micelles. Figure 
3.4 shows that the molding can be performed in the range of the surface energies 
γs(ε)>γmin=55 mJ/m2 for finite deformations of the master particles with ε>0.38. This 
range of parameters is consistent with the experimentally determined molding 
threshold γ≅54–57 mJ/m2 to be discussed in detail in Section 3.4.3. 
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Figure 3.4. Diagram of the molding and transfer conditions for a rubber-like 
particle with thickness H0=25 nm, Young’s modulus E=1 MPa, asymmetry ratio 
α=2, and γp=30 mJ/m2. Molding and replication of this particle is allowed if the 
surface energy of the substrate is larger than the threshold surface energy for 
particle lift-off γs>γ*, while the transfer is possible at γs<γ*. The minimal deformation 
εmin≅0.38 (i.e. 38%) of the particle upon molding is achieved at γs=γmin. (Reprinted 
with permission from 17. © 2007 American Chemical Society.) 
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3.3. Preparation and characterization of block-copolymer masters and PFPE 
molds  
3.3.1. PS-b-PI block-copolymer micelles 
Block-copolymers of poly(styrene)-b-poly(isoprene) (PS-b-PI) with well-
defined molecular weights were synthesized by sequential anionic polymerization 
under high vacuum. The microstructure, chemical composition, and molecular 
weight distribution, and weight average molecular weights of the prepared polymers 
were characterized by 1H NMR, gel permeation chromatography (GPC), and low 
angle laser light scattering (LALLS).  
Diblocks with three different compositions were used in this study: Sample A: 
Mw,PS=39 kDa, Mw,PI=94 kDa, Sample B: Mw,PS=39 kDa, Mw,PI=10 kDa, and Sample 
C: Mw,PS=20.6 kDa, Mw,PI=4.3 kDa. They have a narrow molecular weight distribution 
with a polydispersity index of Mw/Mn=1.02. The polyisoprene blocks consist of ca. 
93% of cis-1,4-polyisoprene. 
Diblock copolymer solutions were prepared by weighing in filtered n-heptane, 
a selective solvent for polyisoprene. After being placed under argon, the samples 
were equilibrated at 60°C for ~24 hours, and then slowly cooled to room temperature 
(~0.1°/min). To measure hydrodynamic radius of the micelles, dynamic light 
scattering measurements were conducted using a light scattering system equipped 
with a “TurboCorr” digital correlator for signal processing.  Auto correlation functions 
were measured at 3 angles (60°, 90°, 120°) sample.  The diffusion coefficient (D) 
was calculated by fitting the correlation curve to a single exponential function for 
each angle. The hydrodynamic radius (Rh) was then calculated from the diffusion 
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coefficient of a spherical particle in a viscous liquid using the Stokes-Einstein 
equation, D= kT/6piηRh, where k is the Boltzmann constant, T is the temperature, η 
is the solvent viscosity. The presented Rh values are an average of all 3 angles.  
When PS-b-PI diblock copolymers are dissolved in n-heptane above the 
critical micelle concentration (CMC), the diblocks will associate, forming micelles 
with a PS core and a PI corona (Scheme 3.3). Depending on the diblock 
composition, micelles adopt different shapes that may change with solvent quality 
and temperature.19, 20 Diblocks with a higher molecular weight PI block (MPS=39 kDa, 
MPI=94 kDa) formed spherical micelles in n-heptane (Scheme 4.3B), while diblocks 
with a lower molecular weight PI block (MPS=39 kDa, MPI=10 kDa) formed cylindrical 
micelles (Scheme 4.2). In the transition region, between spherical and cylindrical 
micelles, diblocks with an intermediate composition (MPS=20.6 kDa, MPI=4.3 kDa) 
form torroidal micelles.20   
 
 
Scheme 3.2. Poly(styrene)-b-poly(isoprene) block copolymer micelles. (A) 
Chemical structure for PS-b-PI block copolymer. (B) Spherical and (C) cylindrical 
micelle structures formed by PS-b-PI in n-heptane, a selective solvent for PI. The 
presence of a longer soluble block results in spherical morphology, while a shorter 
soluble block results in cylinders. In both cases, PS forms a glassy core surrounded 
by soluble PI corona. (Reprinted with permission from 17. © 2007 American 
Chemical Society.) 
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Figure 3.5A–3.5C shows AFM height micrographs of PS-b-PI block-
copolymer micelles of spherical, torroidal, and cylindrical geometries respectively. All 
three geometries were successfully molded (Figures 3.5D–3.5F) and replicated 
using a triacrylate resin (Figure 3.5G–3.1I). Spherical micelles have diameters ~40 
nm, and the cylinders have diameters ~25 nm and lengths ranging from 1 µm to 10 
µm. Torroidal micelles, a transition state between cylindrical and vesicle 
morphologies, have diameters similar to those of the spherical micelles but have 
“holes” with 20 nm diameters.22 This demonstrates a broad range of possible 
shapes and sizes for soft nano-objects available for nanofabrication. The cross-
sectional profiles in Figure 3.5 also demonstrate the high fidelity of the PFPE-base 
soft lithography on the nanometer scale, revealing nearly identical shapes of the 
master, mold, and replicated particles. However, in order to control this process and 
prevent deformation, damage, and aggregation of the fragile micelles, the adhesive 
interactions between the various components of the system (micelles, substrate, and 
mold) need to be addressed when using weakly-adsorbed particles, specifically 
controlling parameters, such as chemical structures and/or surface energies, in 
order to produce the desired result (Scheme 3.2). 
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Figure 3.5. PFPE-based soft lithography allows templating and molding of 
spherical, torroidal, and cylindrical PS-b-PI micelles. Figures A–C are the 
masters of spherical, torroidal, and cylindrical micelles on mica. Figures D–F are the 
respective PFPE molds. Figures G–H are the replicas made from the molds using a 
triacrylate resin. Included are the profiles from each sample, demonstrating the 
fidelity of the process at each step of the procedure. [Height scale: spherical master 
A=20 nm and replica G=19 nm; torroidal master B=12 nm and replica H=15 nm; 
cylindrical master C=26 nm and replica I=25 nm] (Reprinted with permission from 
17. © 2007 American Chemical Society.) 
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To study the adhesive behavior of PS-b-PI, the spherical micelles (MPS=39k, 
MPI=94k) were used as a model system. The hydrodynamic radius of the micelles 
measured by DLS in n-heptane was Rh=54.2±0.5 nm.20 The radius of the PS core 
was measured by small angle X-ray scattering (SAXS), also in n-heptane, was 
Rc=13±1 nm.23 The dry diameter of the micelles was calculated from the aggregation 
number Q=120±5, the diblock molecular weight M=1.39×105 g/mol, and density 
ρ=0.93 g/cm3 as 3
A
dry N
QM6D
⋅⋅
⋅⋅
=
ρpi
= 3 2310023.693.0
1201390006
×⋅⋅
⋅⋅
pi
=38±4 nm (NA is 
Avogradro’s number).  
After complete substrate and particle characterization, the spherical micelles 
were spin-cast onto silicon substrates at 3000 rpm for approximately 2 minutes. 
These samples were used as masters for soft lithography. Upon adsorption on a 
substrate, the micelles undergo deformation, adopting a hemispherical shape with a 
height approximately equal to the diameter of the glassy core, i.e. H≅2Rc (Table 3.1).  
 
3.3.2. Silicon Substrates 
The effect of the substrate surface energy in the molding of PS-b-PI micelles 
was explored. The micelles were deposited onto bare, clean silicon, as well as 
modified silicon substrates. Prior to use, silicon wafers were cleaned for 10 minutes 
using an ultraviolet-ozone (UVO) cleaner. The instrument not only cleans the 
surfaces but it also introduces –OH functionality on the silicon which readily reacts 
with an alkylsilane and produces a hydrocarbon-rich surface (Figure 3.6A). The 
details of the modification procedure are described elsewhere.24, 25 The UVO-
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cleaned silicon pieces were modified using a 1:5 (by wt.) n-octyltrichlorosilane (OTS) 
and paraffin oil (PO) solution in a sealed chamber. Vapor diffusion and subsequent 
reaction of the alkylsilane solution with the hydroxyl (−OH) groups on the silicon 
creates a substrate with a gradient in surface energy γ, from a higher γ (more 
hydrophilic) end away from the source to a lower γ end closest to the point source 
due to higher modification (more hydrophobic) (Figure 3.6B).  
After modification, the substrate was cut lengthwise into two strips. Each strip 
was then cut at specific distances into approximately 10mm  10mm pieces, thereby 
creating a pair of substrates with the same properties and characteristics. The 
contact angle was determined for one of the pieces, and the micelle master was 
prepared using the second piece of the pair. To verify reproducibility, sample 
preparation was carried out multiple times followed by contact angle measurements. 
The contact angle was measured in 3-5 spots along the central line of the 10 x 
10mm2 area using drops of 1-2 mm in diameter. Milli-Q distilled water (=18.2 m) 
was used for the contact angle characterization of the modified substrates. 
The surface energies of the modified substrates were calculated from the 
contact angle with water using the empirical equation,  
     
    (3.15) 
                                         
where θ is the contact angle of the modified silicon with water, β = 0.0001247 
(m2/mJ)2, γLV is the air/water interfacial energy (γ=72 mJ/m2), and γSV is the 
substrate/vapor interfacial energy which is γS.26 
2)SVLV(
LV
SV e21cos γγβ
γ
γθ −−+−=
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 The calculated values obtained from the surface energy equation derived by 
Neumann, et.al. were reasonable and consistent throughout the study.26 These 
values were also consistent with the measurements of the critical surface tension. 
Characterization of the substrates verified the presence of a surface energy gradient 
similar to those previously reported (Figure 3.6C).25 Thus, the surface modification 
through vapor diffusion and subsequent chemisorption procedure with the OTS 
mixture allows for the facile preparation of substrates with broad surface energy γ  
values (γ≅20–100 mJ/m2). 
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Figure 3.6. Modified silicon substrates. (A) Reaction of an alkylsilane with –OH 
groups creates a surface with hydrocarbon chains, (B) creates a surface with 
gradient in surface energy. (C) The contact angle with water and the corresponding 
surface energy, versus distance graph shows a typical gradient created on OTS-
modified silicon substrates. For surface energies above the solid line, adsorbed soft 
particles are shape deformed but are moldable.  The optimal condition for molding 
soft particles is adsorption at a narrow surface energy threshold (solid gray box). 
Below this surface energy range, the particles preferentially adhere to the mold, 
thereby making them ideal for transfer applications (light gray box). And at even 
lower surface energies (below the dashed line), the particles begin to aggregate, 
thus losing their shape. (Reprinted with permission from 17. © 2007 American 
Chemical Society.) 
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3.3.3. PFPE Mold 
Photocurable perfluoroether (PFPE) films were prepared from liquid PFPE 
precursors (Mn=3800 g/mol) containing 1wt.-% 2,2-dimethoxy-2-
phenylacetophenone by curing in an UV oven (λ=365 nm, 35 mW/cm2) under an 
inert nitrogen atmosphere for 10–20 minutes, as outlined in a previous publication.10, 
11
 The surface energy of the cured PFPE films (γPFPE=16±4 mJ/m2) was determined 
from a Zisman plot constructed from contact angle measurements of a homologous 
series of hydrocarbons (n-decane, n-dodecane, n-tetradecane, and n-hexadecane) 
(Figure 3.7).  
Thick PFPE molds of the block copolymer micelle masters were prepared as 
described above and in literature.10, 11 A triacrylate resin was used to produce 
replicas from the molds. The details of the replication using PFPE molds are 
described elsewhere.10, 11  
 
Figure 3.7. Zisman plot for UV-cured perfluoropolyether (PFPE) used for soft 
lithography. The plot was constructed from contact angle measurements from a 
homologous series of linear hydrocarbons.  The surface energy was determined to 
be γPFPE=16±4 mJ/m2. 
 
 90 
3.4. Molding of spherical PS-b-PI micelles 
Spherical micelles were deposited onto modified substrates and subsequently 
molded with PFPE. AFM was used to monitor particle count throughout the 
experiment. Three systems were studied: (1) the substrates with adsorbed particles, 
i.e. the master, (2) the substrates after molding with PFPE, and lastly, (3) the surface 
structure of the PFPE molds after molding. Table 4.1 summarizes the results of the 
experiments.  
 
3.4.1 Control experiment using unmodified silicon substrates 
As a control experiment, PS-b-PI spherical micelles were spin-cast onto UVO-
cleaned but unmodified silicon wafers (the surface is –OH functionalized). No 
particle removal from the substrate was observed, i.e. the surface coverage of the 
particles on bare silicon was constant before and after molding (~27 particles/µm2) 
(Figure 3.8). However, unmodified silicon wafers caused significant deformation of 
the particles with a height of 18 nm which is noticeably below the diameter of the 
glassy PS core Dc=26±2 nm. This was expected since the surface energy of silicon 
(γ≅300 mJ/m2)27 is much higher than those for polyisoprene28 and PFPE.10, 11 
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Figure 3.8. Control experiment with spherical micelles adsorbed onto 
unmodified, UVO-cleaned silicon wafers. No change in micelle coverage was 
observed before and after molding, which was verified by the absence of micelles on 
the PFPE mold. (Reprinted with permission from 17. © 2007 American Chemical 
Society.) 
 
 
3.4.2 Initial condition of masters made using modified silicon substrates 
A significant change in the micelle surface coverage was observed on a 
modified substrate with surface energy of γ=50–60 mJ/m2, i.e. there was particle lift-
off from the substrate. The transition from no particle removal to lift-off from the 
substrate was observed in the relatively narrow range of surface energies.  
Therefore, a more meticulous experiment using modified silicon with γA=54±2 mJ/m2 
(substrate A) and γB=57±2 mJ/m2 (substrate B) was conducted to narrow down the 
surface energy range before lift-off occurs.  Figure 3.9A and 3.9D show the AFM 
micrographs of the PS-b-PI micelles on substrates A and B respectively. Even 
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before the molding procedure, it was evident that less particles were adhering to 
substrate A (8±2 particless/µm2), that is, there was less incentive for the particles to 
interact with the substrate at that energy compared to substrate B (16±3 
particles/µm2). This is consistent since γA<γB. The averages and errors associated 
with the particle density values were determined by measuring the coverage at 
various areas of the substrates, thus giving a more representative picture for 
sample. 
 
3.4.3 Condition of masters and PFPE molds after molding 
After initial characterization of the masters, both samples were molded using 
PFPE, shortly followed by the reexamination of both masters, and the surface 
structure of each mold. As can be seen, there was a dramatic change in substrate A 
after molding, with only 1.2±0.2 particles/µm2 remaining on the substrate (Figure 
4.9B), while 6±1 particles/µm2 remained in the mold, i.e. ~ 80% of the particles lifted-
off from the substrate and into the mold was observed (Figure 3.9C). On the other 
hand, virtually no change was observed in the particle coverage on substrate B after 
molding (15±3 particles/µm2) (Figures 3.9E and 3.9F). These results indicate that 
there is indeed a surface energy threshold required for adsorbed spherical micelles 
to retain its equilibrium shape and remain adhered to the substrate for molding and 
replication, and for our system, that value is γ≅54 mJ/m2. This range of parameters is 
consistent with the theoretically calculated molding threshold γs(ε)>γmin=55 mJ/m2 
(see Section 3.2.4). 
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At surface energies higher than 54 mJ/m2, the master can be used for 
molding and replication, but the particles undergo deformation due to attraction to 
the substrate. Thus, depending on the application, one can set an upper tolerance 
limit γmax for the deformation which will determine the molding range γ*÷γmax 
(discussed below). At energies below the 54 mJ/m2 threshold, the particles were 
lifted-off from the substrate and into the mold, i.e. each individual particle is 
harvested into the mold. The mold containing the harvested spheres can then be 
transferred and used in other applications. However, at lower surface energies ~40 
mJ/m2, the individual spheres underwent ill-defined aggregation.  This sets a lower 
substrate surface energy limit for particle harvesting and transfer applications. The 
surface energy ranges for molding and transfer applications are highlighted in Figure 
3.6 by solid grey and light grey boxes respectively. 
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Table 3.1. Summary of molding results using spherical PS-b-PI particles on modified silicon pieces. (Reprinted 
with permission from 17. © 2007 American Chemical Society.) 
 
Surface Coverage of Micelles 
(# of particles / µm2) Substrate Surface Energy, γ (mJ/m2) Height (nm) Before molding After molding PFPE mold 
Substrate A 54 24±3 8±2 1.2±0.2 6±1 
Substrate B 57 23±3 16±3 15±3 <1 
Unmodified 
silicon wafer 
1500 (in vacuum) 
300 (in air) 18±3 27.2±0.2 27.4±0.7 ~0 
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Figure 3.9. AFM images of PS-b-PI spherical micelles on two different modified 
substrates before and after molding, as well as the PFPE molds from each 
sample. On substrate A, there was a significant change in the particle coverage 
before (A) and after molding (B), i.e. there was particle lift-off from the substrate, 
which was confirmed by the presence of spherical micelles in the PFPE mold (C). 
On the other hand, for substrate B, there was virtually no change in micelle coverage 
before (D) and after molding (E), which was also confirmed by the mold images (F). 
The difference in image quality is the result of using several tips with varying tip 
sharpness. (Reprinted with permission from 17. © 2007 American Chemical 
Society.) 
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3.5 Molding of cylindrical PS-b-PI micelles  
3.5.1 Comparison of spherical and cylindrical micelle molding using modified 
silicon substrates 
To investigate the effect of particle geometry on the adhesion, and its effect 
on the critical surface energy before particle lift-off from the substrate, experiments 
were conducted using cylindrical PS-b-PI (MPS=40kDa, MPI=10kDa). It is important to 
reiterate that the chemical structure of the cylinders is identical to that of the 
spherical micelles, and that only the ratio of the blocks is different, which causes the 
change in micelle morphology. In using these molecules, one minimizes the effects 
from the chemical interactions between the various components of the system.   
A solution containing both spheres and cylinders was spin-cast onto modified 
silicon substrates. The spherical micelles were used as surface energy gauges for 
this preliminary test. As discussed previously, the adsorbed spheres are known to 
lift-off at γ≅54 mJ/m2. Slightly below this threshold, the spheres are lifted-off the 
substrate and into the mold, while at surface energies significantly lower than 54 
mJ/m2, ~40 mJ/m2, the spherical micelles undergo aggregation. 
On the substrate with the high surface energy (γ>54 mJ/m2), the cylinders 
behaved similar to their spherical counterparts, i.e. they remained on the surface 
and no lift-off of the particles into the mold was observed (Figure 3.10A–3.10C). 
However, in contrast to the complete lift-off from the substrate that was observed for 
the spheres, weakly-adsorbed cylinders ruptured at surface energies just below γ<54 
mJ/m2, leaving behind portions of the molecule on the substrate and in the mold 
(Figures 3.10D–3.10F). And at an even lower surface energy (γ<<54 mJ/m2), a large 
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fraction of cylindrical micelles adhered to the mold but some sections remained on 
the substrate (Figures 3.10G–3.10I).   
 
 
 
 
Figure 3.10. AFM images of PS-b-PI cylindrical micelles on modified silicon 
subsfrates. Similar to the spheres, no lift-off from the substrate was observed 
before (A) and after (B) molding of cylindrical micelles on a substrate with high 
surface energy (mold image C). On substrates with lower surface energy, partial (D: 
master before molding; E: master after molding) to extensive (G: master before 
molding; H: master after molding) lift-off of the cylinders from the substrate were 
detected upon imaging the molds (F and I, respectively). Complete removal of the 
cylinders from the substrate has not been observed at this time. (Reprinted with 
permission from 17. © 2007 American Chemical Society.) 
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3.5.2 Model for cylindrical micelle removal 
The presence of torn cylinders can be rationalized by taking into account the 
role of friction on sliding objects, specifically long, delicate objects. The removal of 
extended objects from a substrate by lift-off involves sliding. This is hindered by 
micelle sections that are strongly adsorbed to the substrate (Scheme 3.4A). 
Because certain sections are essentially stuck on the surface, the cylinder is under 
incredible tension. The cylindrical micelle ultimately breaks when the friction force 
ffriction becomes greater than the cross-sectional cohesive forces witihin the micelle 
(Scheme 3.3B). Given that the frictional force acting on the cylinder is ffriction~l·r while 
the cohesive forces in the micelle is only fcohesion ~r2, with l~1-10 µm and r~ 10 nm, it 
is easy to see why the fracture of the cylinder is very likely to occur in these 
circumstances. This demonstrates the essential difference in the application of soft 
lithography for spherical and cylindrical objects. While molding of spherical micelles 
should be performed at the surface energy threshold in order to minimize 
deformation to the soft particle, cylindrical assemblies must be molded at higher 
surface energies to prevent rupture of the cylinder. This, however, assumes larger 
deformation of the master particles. 
 99 
 
Scheme 3.3. Molding of cylindrical micelles using low energy substrates 
results in micelle rupture upon mold removal. (A) During mold removal, parts of 
the cylinder are unable to slide on the surface and essentially pinned on the surface 
as the friction force (ffriction) is quite strong. This creates tension within the molecule. 
(B) And as the mold is further lifted up from the master, the cylinder ruptures when 
the force of friction exceeds the cohesive forces keeping the micelle intact (fcohesion). 
(Reprinted with permission from 17. © 2007 American Chemical Society.) 
 
 
 
3.6 Conclusions and Future work 
 
The molding of spherical and cylindrical PS-b-PI block-copolymer micelles 
using PFPE on substrates of different surface energies was successfully studied by 
AFM. It was found that particle geometry had a significant impact on the adhesion 
and the substrate surface energy wherein molding of the particles should be carried 
out. A surface energy threshold, γ≅54 mJ/m2, was determined for the weakly-
adsorbed spherical micelles to be lifted-off from the substrate and into the mold. In 
 100 
the case of cylindrical micelles, fracture was observed instead of the expected 
micelle lift-off at surface energies lower than that determined for their spherical 
counterparts (γ<54 mJ/m2). This observation is ascribed to the inability of the 
adsorbed cylinder sections to slide on the surfaces during mold removal. This 
illustrates a significant procedural difference in molding spherical and cylindrical 
objects. The balance between minimization of particle deformation and lift-off from 
the substrate requires that soft spheres be molded at the surface energy threshold, 
while cylindrical assemblies must be molded at higher surface energies, at the cost 
of some shape distortion, in order to prevent breakage of the object. One can 
circumvent rupture of long and fragile objects like the cylindrical micelles during 
molding by either using substrates with higher surface energies than that determined 
for the spherical particles, or using stronger particles, such as carbon nanotubes, as 
masters.22 
The existence of a surface energy threshold for particle adhesion and 
removal from the substrate has also been verified theoretically. The calculations 
predicted a surface-energy range which allows molding and replication of soft 
nanoparticles at a minimal deformation. The range strongly depends on the particle 
size, shape, and mechanical properties. As shown in Section 3.2.3, the adsorption-
induced deformation is only significant for soft nanometer-sized particles with 
EH<1000 mN/m, e.g. E<10 MPa and H<100 nm. For larger and stiffer particles with 
EH>1000 mN/m, the adsorption induced deformation may be neglected. The 
molding also depends on the surface energy of the particle and mold precursor. 
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Therefore, the exact location of the threshold needs to be determined for each 
molding system to be explored.  
 Future work in this project includes: 
(1) Comparing the results above with more complex geometries, such as the 
torroidal micelles. Will a more straightforward lift-off, similar to the spheres, be 
observed or will a more complex behavior as seen with the cylinders be more 
common with increasing structural complexity. 
(2) Using the methods developed above to mold, replicate, and/or transfer more 
intricate and delicate assemblies, such as the intramolecular and 
intermolecular self-assembled structures of PCL and PCL-b-PBA brush 
polymers, as well as the end-to-end associated patterns of ODMA-capped 
PBA brushes and the PCL-b-PBA brush molecules. Success in these 
endeavors will be useful in providing a consistent and facile route to 
nanomaterial design and construction for applications, such as 
nanolithography, and membrane and sensor technologies. 
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CHAPTER 4 
MOLECULAR BRUSHES WITH HETEROGENEOUS COMPOSITIONS: SELF-
ASSEMBLY BY CRYSTALLIZATION 
 
4.1. Introduction 
It has long been a goal for scientists and engineers to construct well-defined, 
uniform patterns using molecules as building blocks in nanoscale applications 
(technologies). For heterogeneous brush systems containing crystalline and 
amorphous domains, the presence of crystalline domains within a molecule gives an 
added complexity to its structure-property relations, as well as an additional strong 
driving force for molecular association due to crystallization. Our goal is to exploit 
these semi-crystalline mesoscopic building blocks to form intermolecular and 
intramolecular self-assembled patterns. Designing heterogeneous brush molecules 
with the proper architecture and chemical functionality for a specific application still 
remains a challenge.  
Molecular brushes are self-assembled molecules with unique shape and 
properties that are due to the interactions of the side chains with its neighbors and 
the environment (see Chapter 1).1-5 Much of what we know about molecular brushes 
are based on brushes with homopolymer side chains composed of poly(n-butyl 
acrylate) (PBA) (see Chapter 1).1-11 However, molecular brushes with 
heterogeneous side chain compositions, such as those with glassy side chains12, 13, 
 105 
and heterogeneous systems containing crystalline chains14, 15 and amphiphilic side 
chains16, 17, have also been synthesized. These heterogeneous molecules are of 
great interest, as their unique structure and properties make them ideal species for 
chemical reactions, i.e. self-assembly, at the molecular scale, as they constrain 
crystallization to a single molecule but still remain flexible. 
In this chapter, the self-assembly of three molecular brushes composed of 
semi-crystalline chains but in different architectures will be presented. Scheme 4.1 
shows three different architectures that allowed formation of supramolecular 
structures via crystallization. The molecules discussed here and in Chapter 5 offer 
some strategies that are under consideration for the design of suitable molecular 
building blocks: ABA block brushes with crystallizable ends18, hetero-grafted 
molecular brushes with a crystalline stem19, and finally, molecular brushes with 
semi-crystalline block copolymer side chains. Successes and challenges in the 
characterization of each molecule will also be discussed.  
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Scheme 4.1. Heterogeneous molecular brushes with amorphous and 
crystalline components. Three different architectures were used to form 
supramolecular structures via crystallization: (A) ABA block brushes with crystalline 
ends, (B) hetero-grafted molecular brushes with a crystalline stem, and (C) 
molecular brushes with semi-crystalline block copolymer side chains. 
 
 
 
4.2. Association of molecular brushes with crystalline ends 
 
One approach for building complex structures is using block copolymers with 
reactive end-groups that can associate and form networks. Figure 4.1 shows ABA 
block brushes with crystallizable poly(octadecyl methacrylate) (PODMA) ends and 
poly(n-butyl acrylate) (PBA) center blocks.18 Single molecules of the ABA block 
brushes spontaneously associate to form multimers, such as chains and branches, 
on a fluid surface. The image highlights one of the challenges of the research, i.e. 
the existence of competitive reactions and multiple paths for molecular assembly 
that, in the present case, are ascribed to the lack of selectivity of the crystallizing 
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chain ends. However, the advantage of the crystalline stickers is that they dissociate 
upon melting and lead to reversible interactions. 
Future work includes designing macromolecules with complementary reactive 
groups incorporated into the end blocks of block copolymers, such as hydrogen 
bonding pairs similar to DNA base pairs. Another crucial issue that affects the 
building process and other AFM and surface-related experiments, is diffusion. 
Surface diffusion mechanisms need to be understood so that complex surface 
structures can be easily constructed and reproduced from available building blocks. 
 
 
Figure 4.1. Molecular brushes with associating crystalline ends. ABA block 
copolymer brushes with PODMA end-groups showed promise as building blocks as 
the crystallizable ends associated with each other, forming various size chains and 
cyclic structures. The variety of arrangements highlights the need for site recognition 
and specificity when designing molecular building blocks. 
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4.3. Surface micelles of hetero-grafted PCL/PBA brushes19 
The unique architecture coupled with the crystalline-amorphous composition 
of a hetero-grafted bottle brush is also another viable candidate as molecular 
building blocks for complex structures. 
Height and phase images of hetero-grafted brushes composed of a 
crystalline PCL stem and a head of PBA chains are shown in Figure 4.2A and 4.2B 
respectively. A stronger contrast between the two sections was achieved using AFM 
phase imaging due to difference in the viscoelastic properties of the liquid PBA and 
crystalline PCL (Figure 4.2B). The PBA sections exhibited a wider corona and 
thicker backbone, while the PCL block was noticeably thinner. This is attributed to 
longer PBA side chains (nPBA ≅ 90 by NMR) compared to that of PCL (nPCL ≅ 30 by 
NMR). The adsorbed PBA side chains result in the wide corona, while the desorbed 
side chains segregate at the backbone and accentuate the thickness increase. 
Quantitative measurements were carried out and the results are summarized 
in Table 4.1. The contour length of the whole bottlebrush is Ln=160±10 nm with a 
polydispersity index PDI =1.16±0.06. Given a total backbone degree of 
polymerization Nbb≅720 (measured by NMR), the length per monomeric unit is 
lm=Ln/Nb =0.22±0.02 nm, indicating that the brushes are almost at full extension 
(lmax≅0.25 nm).52 With help from the high imaging contrast, contour lengths and 
corona widths for the PBA and PCL sections were also independently determined. 
The PBA block has a number average contour length of Ln=45±4 nm, 
PDI=1.20±0.07 and lm=0.19±0.02 nm (Nbb,PBA ≅240). In the case of the PCL block, 
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we get Ln=110±10 nm, PDI=1.25±0.08, and lm=0.23±0.02 nm (Nbb,PCL ≅ 480). These 
data indicate that both backbone sections are fully-extended.  
 
Figure 4.2. Single molecules of hetero-grafted block brushes. Single brush 
molecules exhibit a brighter PBA head and a less distinct PCL tail. Verification of the 
PBA and PCL assignment can be seen in the corresponding phase image (B). The 
PBA portion is wider than PCL side chains, which agrees with the NMR data. In 
addition, the contour length containing the PBA section appears to be shorter than 
that with PCL, again correlating with previous experimental results. (Reprinted with 
permission from 19. © 2007 American Chemical Society.) 
 
Single molecules of the amphiphilic hetero-grafted brush associated and 
formed the various patterns observed in the phase images of dense monolayer films 
of the molecule (Figure 4.3A and 4.3B).20 Similar to the behavior of brush-coil block 
copolymers21, the micelle-like associations of these macromolecules are attributed to 
the microphase separation between the amorphous poly(n-butyl acrylate) (PBA) and 
the semicrystalline poly(ε-caprolactone) (PCL). 
These bottle brushes are rod-like and strongly anisotropic. This anisotropy 
favors the formation of circular micelles with a longer and thinner PCL block forming 
the core of the micelle while the longer and wider PBA chains form the corona 
(Figure 4.3C). In addition to the flower-like arrangement on the surface, one can also 
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see numerous simple dumbbell-like structures, which consist of two end-associating 
PCL chains (Figure 4.3D).  
 Similar to the ABA block brushes, the control and manipulation of long-range 
and/or reproducible pattern formation of the hetero-grafted brushes must be studied 
before this can be used in applications. 
 
Figure 4.3. AFM images of (PBiBEM-g-PBA)-b-(PHEMA-g-PCL) hetero-grafted 
brush. Shown are the height (A) and phase (B) AFM images of a dense monolayer 
film of the hetero-grafted block brushes. AFM phase image clearly demonstrates 
individual bottle-brush molecules with a bright and wide PBA head and a less distinct 
PCL tail. Furthermore, various association patterns, not seen in homopolymer 
brushes, are readily observed in the phase images of the dense film.  For instance, 
some brushes form flower-like patterns (C) while some dumbbells are randomly 
scattered in the sample (D). These associations are attributed to the 
association/crystallization of the PCL blocks. (Reprinted with permission from 19. © 
2007 American Chemical Society.) 
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Table 4.1. Characterization results for the hetero-grafted PCL/PBA brushes. 
(Reprinted with permission from 19. © 2007 American Chemical Society.) 
 
 Nbb, nm a n, nm a, b Ln, nm c lm, nm d PDI e D, nm f 
PCL block 480 30 110 ± 10 0.23 ± 0.02 1.25 ± 0.08 37 ± 3 
PBA block 240 90 45 ± 4 0.19 ± 0.02 1.20 ± 0.07 120 ± 10 
Whole 
brush 720 - 160 ± 10 0.22 0.02 1.16 ± 0.06 - 
 
a: Obtained from NMR19 
b: Degree of polymerization of side chain 
c: Number-average contour length of the backbone 
d: Length per monomeric unit of the backbone, lm=Ln/Nbb 
e: Polydispersity Index, PDI=Lw/Ln 
 f: Corona width 
 
4.4. End-to-end association: molecular brushes with semi-crystalline block 
copolymer side chains (in preparation) 
Complex core-shell molecular assemblies are of technological interest, as 
single molecules and as components in a film. Depending on the combination of the 
core-shell blocks, unusual morphologies, arrangements, and properties are possible. 
In this case, the core-shell system is a molecular brush with side chains composed 
of an inner crystallizable poly(ε-caprolactone) (PCL) block and an outer rubbery shell 
poly(n-butyl acrylate) (PBA).  
The unusual single molecule morphology exhibited by the PCL-b-BPA brush 
was quite noticeable. However, characterization and analysis of this observation are 
beyond the scope of this chapter but shall be discussed in the next chapter (Chapter 
5).  
In addition to the unusual single molecule morphology, one also can also see 
several long chains (necklaces) of PCL-b-PBA brushes scattered throughout the film. 
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Given that the homopolymer PCL brush is the precursor for the PCL-b-PBA brush, 
one would expect that both molecules will have the same contour lengths. If only 
single brush molecules were characterized, indeed the average contour lengths of 
the PCL homopolymer brush and PCL-b-PBA brushes are within error of each other. 
But when the “necklaces” present in the PCL-b-PBA monolayer were measured, 
there is a significant increase in the measured length for the diblock brush compared 
to the homopolymer precursor (Figure 4.4). This is attributed to the end-to-end 
association of PCL-b-PBA brushes, driven by the strong interaction between the 
inner crystalline PCL moieties.  
The end-to-end association of the chains opened the door to the possibility of 
directing the orientation, alignment, and/or assembly of the monolayer by exposing 
the monolayer to various stimuli, such as an electric field22, 23, temperature24, 
pressure24, and solvent quality.25, 26 The oriented monolayer films can be used in 
many applications, such as masters in lithographic techniques, or as components in 
other devices. At this time, attempts to orient the PCL-b-PBA dense monolayer films 
by an electric field (E=500 V) have been unsuccessful. The relative dielectric 
constant ε of PCL (εPCL≈2.227) and PBA (εPBA=2.1528) are very close in value 
compared to other block copolymer systems that were aligned under the influence of 
an electric field (PS-b-PMMA, εPS=2.53, εPMMA=2.22). 22, 23, 28 Other avenues for 
controlling the molecular orientation within the film are still being explored. 
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Figure 4.4. End-to-end association of PCL-b-PBA brushes. Given that the 
homopolymer PCL brush is the precursor for the PCL-b-PBA brush, one expected 
that both molecules will have the same contour lengths. If one carefully analyzes 
only the single molecules present in the film, indeed the contour lengths of both 
molecules are within error of each other. However, if the long “necklace” was 
measured as well, one can see, from the length distribution above, a significant 
increase in the measured length for the diblock brush compared to the 
homopolymer.  This is attributed to the end-to-end association of PCL-b-PBA 
brushes.   
 
 
4.5. Conclusions and future work 
Given the examples above, one can see that crystallization is a strong driving 
force that can be manipulated such that semi-crystalline polymers can form 
supramolecular patterns and structures that can be used in nanofabrication. Yet 
there are still many challenges along the way, including the design and construction 
of the molecular building blocks, as well as the reproducibility of the final 
supramolecular structures from one day to another. In addition, the control of long-
range orientational and positional order and development of methodology for 
structure orientation also need to be investigated. 
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CHAPTER 5 
MOLECULARLY-CONFINED CRYSTALLIZATION OF MOLECULAR BRUSHES 
WITH SEMI-CRYSTALLINE DIBLOCK COPOLYMER SIDE CHAINS 
 
5.1. Introduction 
One of the major challenges in nanotechnology is the creation of materials 
with sub-100 nm, two- or three-dimensional architectures with specific properties. 
This can be accomplished by the self-assembly of small molecules into 
supramolecular structures1-4 and by the design of macromolecules with mesoscopic 
shapes and sizes.  
Molecular brushes are a new class of functional materials composed of pre-
assembled macromolecules with well-defined sizes, shapes, interior arrangements, 
and chemical compositions of the polymer side chains.5 The interaction between the 
many side chains within a molecule and the interaction of the molecules with its 
environment, such as a solid substrate, dictates the overall shape of the molecule, 
as well as the molecular properties (see Chapter 1).6-9 The steric repulsion between 
the side chains and thus enhanced persistence length reduce molecular 
entanglements and enhance alignment of the backbones. As such, assembly of 
these large meso-molecules into supramoleclar structures may differ significantly 
from those of conventional linear polymers. Thus far, much of our knowledge of 
brushes and their properties are based on molecular brushes with homopolymer
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side chains, specifically poly(n-butyl acrylate) (PBA) brushes, a rubbery polymer with 
a glass transition temperature (Tg) of 55°C.5-15  
Molecular brushes with varied side chain compositions, such as those with 
glassy side chains16, 17 and heterogeneous systems containing crystalline chains18, 19 
and amphiphilic side chains20, 21, have also been synthesized and studied. Of 
interest is the effect of the dense brush architecture on molecular brushes with 
heterogeneous side chains, specifically those composed of block copolymers side 
chains with an inner crystallizable block and outer rubbery shell, thereby creating a 
complex core-shell system.  
However, the process of polymer crystallization is very hard to control. Due to 
the large size of polymer molecules, the semi-crystalline structure is kinetically 
controlled. This affects the degree of crystallization, morphology of crystallites, and 
chain alignment. The most prominent examples include chain folding of extended 
polymer melts upon crystallization and the so-called “break-out crystallization” within 
the microphase-separated block copolymer morphology (Scheme 5.1).22 This can be 
attributed to the fact that the free energy change associated with the phase transition 
by far exceeds the energy involved in the formation of the microphase separated 
morphology. Accordingly, controlling the crystal orientation in such cases is very 
difficult to achieve. Recently, an extensive study of the conditions allowing for the 
spatial control of the crystallization process and crystal alignment was conducted for 
the case of poly(ethylene oxide)-b-poly(styrene) (PEO-b-PS) diblock copolymers by 
S.Z.D. Cheng and coworkers.23, 24  
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In the case of the diblock copolymer brushes, one introduces an additional 
constraint due to the covalent linking of side chains to the backbone. Akin to 
crystallization within pores, this constraint is expected to confine the crystallization 
process within the brush core and also facilitate the crystal orientation due to the 
possibility of backbone alignment prior to crystallization.25-27 Therefore, the presence 
of such a preordered structure with alignment on the molecular scale allows for 
directed crystal growth. The interplay and competition between microphase 
separation due to the diblock structure and crystallization of a block within a 
topologically constrained environment can result in unusual, and sometimes, 
extraordinary macroscopic properties and behavior that can be exploited for various 
applications. 
In this chapter, the morphology and properties of densely-grafted brushes 
with diblock copolymer side chains composed of an inner semi-crystalline poly(ε-
caprolactone) block (PCL) and an amorphous poly(n-butyl acrylate) (PBA) outer 
block will be presented and compared to its precursor PCL brush. Conventional 
techniques such as polarized optical microscopy (POM), differential scanning 
calorimetry (DSC), and X-ray scattering experiments were used to explore the 
material’s bulk properties and morphology. Molecular imaging by AFM in 
combination with the Langmuir-Blodgett technique was used to explore the structure 
of single molecules and thin films of the diblock copolymer PCL-b-PBA brushes. The 
morphological transformation of a freshly-prepared film to one annealed at room 
temperature after a long time was monitored by AFM, POM, DSC, and SAXS. 
Models of molecular packing, including relevant calculations, for the observed single 
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molecule morphology, as well as the bulk/thick film morphology of the PCL-b-PBA 
brushes will be presented as well. 
 
Scheme 5.1. Morphology of semi-crystalline polymer upon crystallization. The 
crystallization of polymers is very difficult to control as it is complicated by the 
polymer’s size and the dominance of kinetic versus thermodynamic state(s). (A) For 
instance, chain folding of extended linear polymer melts occurs upon crystallization 
but if allowed to anneal at infinite time, the crystalline chain will transform into 
extended crystal chains. (B) A way to control crystallization is by introducing 
additional confinements to the system, such as the addition of another chain, i.e. 
creating a block copolymer. However, the microphase separated linear crystalline-
amorphous block copolymer chains can still undergo “break-out crystallization”, that 
is crystallization disrupts the chain alignment, orientation, and morphology of the 
original diblock melt. (C) Our proposal is to include another imposition to the 
crystallizing system, an architectural constraint of a central backbone. Due to the 
additional covalent link to a backbone, molecular brushes with crystalline-amorphous 
side chains can control chain alignment and orientation, as well as confine the 
crystallization to only the core region of the molecule. 
 
 
5.1.1. Chain packing in linear semi-crystalline block copolymers 
 Block copolymer molecules composed of only amorphous components have 
been studied extensively and thus, are quite well-understood. Their microphase 
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separation behavior can be predicted from established theories and a wealth of 
experimental data.28-30 However, block copolymer molecules containing 
crystallizable components are quite complex due to the strong contribution of the 
free energy of crystallization and the crystallographically specific alignment of 
polymer chains. The competition between the microphase separation of chemically 
different blocks and the crystallization of one the block greatly expands the range of 
possible morphologies and materials properties as it allows for control of both 
microphase separated morphology and chain orientation with the nanometer-sized 
domains.31 
 The final morphology, and consequently the properties, of a crystalline-
amorphous (C-A) diblock copolymer are determined by the competition between two 
driving forces: microphase separation (1–10 J/g) and crystallization (10–100 J/g).31 
In addition, the particular arrangement of polymer chains with crystalline domains 
(chain alignment, chain folding, and orientation of lamellae) may conflict with the 
symmetry of microphase separated morphology (spheres, cylinders, lamellae). 
Several factors including but not limited to the interaction between the two blocks, 
the volume fraction of each component, and the thermal properties of each block 
and the system (glass transition temperature Tg, crystallization temperature Tc, 
order-disorder transition TODT, etc.) determines the winner of the competition.31, 32 
For instance, the phase separated morphology of a C-A melt will be maintained 
upon crystallization of the crystalline component if the glass transition temperature of 
the amorphous block is greater than the crystallization temperature (Tg,A>Tc), in what 
is known as a confined crystallization.31 However, if the amorphous block is a rubber 
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(Tg,A<Tc), the behavior is more difficult to predict as the final morphology can be 
confined to the microphase separated morphology (strongly-segregated system)31, 
templated (intermediate case)31, 33, or one wherein the crystalline block controls the 
morphology (break-out crystallization).31, 32, 34-37 In the case of break-out 
crystallization, the initially microphase separated morphology is disrupted by the 
crystallization of the crystalline component transforming into a lamellar arrangement 
with alternating crystalline and amorphous domains.31, 32, 34-37  
Two theories have been proposed to explain the solid state morphology of C-
A diblocks: DiMarzio, Guttman, and Hoffman (DGH) model and Whitmore and 
Noolandi model. 
In their theory, DiMarzio, Guttman, and Hoffman (DGH) modeled the C-A 
lamella such that the thermodynamic equilibrium morphology for the crystalline block 
is one of folded-chains sandwiched between amorphous domains.31, 34, 38, 39 This is 
in contrast to the homopolymer crystalline polymer case where chain folding is a 
kinetic effect. An equilibrium crystal thickness
A
bn
A
Vd
3
cc ⋅≅≅ , which determines 
the equilibrium number of chain folds, can be estimated from the balance of the 
chain elasticity of the amorphous block 2
a
2
el
bn
LkTF
⋅
⋅
≅  and the free energy of the 
interface between the amorphous and crystalline blocks AkTFs ⋅⋅≅ γ , where nc and 
na are the degrees of polymerization of the crystalline and amorphous blocks, 
respectively, A is the area per chain, and γ is the interfacial energy in kT units 
(Scheme 5.2). Assuming that the amorphous block occupies a volume 
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 (Scheme 5.2). From the chain area, 
one can calculate the size of the crystalline domain as 
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The number of folds can be calculated either from the chain area as 2folds b
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In the theory proposed by Whitmore and Noolandi (WN)40, the lamella is 
modeled as alternating crystalline and amorphous domains with the chemical bond 
connecting the block segregated in the interfacial area. In the lowest free energy 
state, the crystalline block folds in an integer number of folds in a single layer. 
However, WN theory allows for the bilayer arrangement of crystal folds although at 
the expense of free energy.31, 35, 40 The characteristic equilibrium domain size is 
predicted to scale by 125ac nn~d −⋅ . 
As can be seen in both DGH and WN theories, the amorphous block plays an 
important role in the crystal thickness. It dictates the block copolymer characteristic 
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size which indirectly determines the degree of chain folding of the crystalline 
component.31, 37, 38, 40  
 
Scheme 5.2. Linear semi-crystalline block copolymers lamella (DGH model). nc 
and na are the degrees of polymerization of the crystalline and amorphous blocks 
respectively. L is the length of the amorphous block and A is the area per chain. The 
crystal thickness d is dependent on both nc and na, which in turn, dictates the 
equilibrium number of chain folds within the crystal. 
 
 
 
5.1.2. Morphology of linear semi-crystalline block copolymers 
 
 Thin film morphologies of semi-crystalline diblocks have become 
technologically relevant materials, yet their properties are still not well-understood. 
Similar to the bulk case, the thin film morphology of semi-crystalline diblock 
copolymers is more complex than that of amorphous block copolymer films. In 
amorphous films, the interaction of the blocks with the substrate and the 
environment determine the orientation and arrangement of the blocks in the film.41-44 
For instance, horizontal film orientations, i.e. lamella parallel to the substrate, occurs 
when there a preferential interaction of one block with the substrate and/or the air.41-
44
 In thicker films, i.e. film thickness t1 lamella period l, each step in the film is equal 
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to 1 l of the copolymer morphology, that is, the thickness is quantized.41-44 In thinner 
films, i.e. t1 l, the interaction with the substrate becomes a significant factor in 
morphological development. In this instance, islands, holes, and/or terraces are 
possible if t does not match l, with each step height equal to l.41-44 Vertical lamella 
orientation is possible under certain conditions, such as if t<bulk equilibrium period 
l0.41-44 
In general, the initial phase separated C-A diblock films follow similar 
behavior as their amorphous diblock counterparts. In thicker films, supramolecular 
structures, such as spherulites, form upon crystallization of the crystalline block, that 
is, the phase separated lamella is destroyed.45-48 The presence of these structures is 
important because they affect the film’s mechanical properties as the boundaries of 
spherulites are weak points.47 Densely-branched structures are also observed in 
adsorbed semi-crystalline polymers.49, 50 These structures are formed via diffusion 
limited aggregation when the crystallization rate is faster than the diffusion rate.51, 52 
It is postulated that crystals in one lamella can crystallize with materials in another 
lamella despite the presence of the amorphous block.53, 54 It is also believed that the 
crystallization of C-A diblocks in thin films is facilitated by dislocations present in the 
film.53, 54 And previously, it was thought that C-A chains confined in ultrathin films 
can not crystallize due to the strong confinement conditions, but homogeneously 
nucleated dendritic fingers were observed by Reiter, et.al.55 
Introducing the diblock confinement to a backbone was an attempt to control 
morphology of crystalline polymers, along with the chain alignment. Most of the 
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experiments have been conducted in thin films that allow clear imaging of the 
complex morphology.   
 
5.2. Sample characterization of PCL and PCL-b-PBA molecular brushes (in 
preparation) 
Molecular brushes with semi-crystalline side chains can be view as a diblock 
system wherein the crystalline block experiences an additional constraint due to 
covalent link to the backbone (Scheme 5.3). This constraint provides additional 
mechanism to control the semicrystalline morphology and the alignment of polymer 
chains with crystalline domains.  This ability to control morphology makes semi-
crystalline molecular brushes an intriguing new material with potential uses in many 
applications, exploiting the properties and self-assembled morphology of the 
densely-grafted brushes with diblock copolymer side chains composed of an inner 
semi-crystalline PCL and an amorphous PBA outer block which are 
controlled/influenced by the interplay between phase separation and topologically 
confined crystallization of a block.  
 
Scheme 5.3. Molecular brushes with semi-crystalline side chains. 
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The PCL brush (IA) is synthesized from a combination of two polymerization 
techniques. Atom transfer radical polymerization (ATRP) was used to create poly(2-
hydroxyethyl methacrylate) (PHEMA) macroinitiator backbones (I). The ε-
caprolactone (ε-CL) side chains (nPCL=40) were grafted from each monomer unit of 
the backbones by anionic ring opening polymerization (AROP) with a tin-based 
catalyst (Scheme 5.4).   
A small amount of IA was converted into macroinitiators for subsequent chain 
extension of the PCL side chains with poly(n-butyl acrylate) (PBA) by ATRP, 
creating the PCL-b-PBA block brushes. Two diblock brushes were synthesized, one 
with ~20%mass PCL (IIA-20) and one with ~50%mass PBA (IIA-50). At this time, 
most of the research was conducted using IIA-20. Therefore, majority of the results 
presented here will be for the IIA-20 brush only. Further details of the synthetic 
procedure are discussed in an earlier publication.56 
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Scheme 5.4. Synthetic pathway for the homopolymer PCL brush (IA) and the 
semi-crystalline PCL-b-PBA diblock copolymer brush (IIA). 
 
 
5.2.1. Molecular weights and molecular weight distributions  
Complete characterization of the PCL (IA) and PCL-b-PBA (IIA-20) brushes is 
essential to the understanding of the properties and morphology observed for the 
single brush molecules and as components in thick films and bulk fibers, including 
the crystallization behavior of the PCL chains in a covalently confined environment. 
Linear poly(ε-caprolactone) (Mn~5k, Polydispersity Index (PDI)=1.49) (LPCL) from 
Polymer Source, Inc. was used as the reference polymer. 
Gel permeation chromatography coupled with multi-angle laser light 
scattering (GPC-MALLS) provides accurate molecular weight and molecular weight 
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distribution data for highly branched system without the need of calibration curves 
(DAWN EOS, 30 mW, λ=690 nm).  
The synthesis of IA and the subsequent chain extension with PBA to produce 
IIA-20 was successful, evidenced by the significant increase in molecular weights 
from IA to IIA-20.  Moreover, one can see that the combined methods of AROP and 
ATRP produced well-defined molecules with narrow polydispersity indices (Table 
5.1), thereby proving the compatibility of the two mechanistically different 
polymerization techniques. The degrees of polymerization for the PCL (nPCL) and 
PBA (nPBA) blocks were calculated based on the molecular weights obtained for 
each brush. The results of the analysis are summarized in Table 5.1. The same 
synthetic route was employed in the synthesis of IIA-50. Data for IIA-50 is also 
included in the Table 5.1. 
The molecular weights and molecular weight distributions were also 
determined by AFM-LB as outlined previously.57 The molecular weight is determined 
from the mass per unit area of molecules mLB deposited on the LB trough and the 
number of molecules per unit area nAFM imaged by AFM. From LB,
LB
LB A
VC
m
⋅
= , 
where C is the concentration, V is the volume of the solution, and ALB is the area 
occupied by the molecules on the LB.57 The mLB for IA, IIA-20, and IIA-50 are 
4.5×10-8, 8.8×10-8, and 4.8×10-8 g/cm2 respectively. From AFM, one can calculate 
the molecular surface density as
AFM
AFM A
n
n = , where n is the number of 
molecules visualized in AAFM the area of the image(s).57 The calculated nAFM for IA, 
IIA-20, and IIA-50 are 1.1×1010, 4.5×109, and 5.2×109 molecules/cm2. The number-
 129 
average molecular weight by AFM-LB technique of each molecule is calculated 
as A
AFM
LB
n Nn
mM ⋅= , where NA is Avogadro’s number.57 Table 5.2 summarizes the 
data used for the calculation of the molecular weight by the AFM-LB technique. As 
can be seen on Table 5.1, the results from the thin film AFM-LB technique are 
consistent with those from the conventional GPC method.  
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Table 5.1. Molecular characterization of IA and IIA by GPC-MALLS and AFM-LB. 
 
 
  GPC-MALLS AFM-LB 
Sample 
ID 
Nbb nPCLa nPBA a Mn, g/mol 
× 10-6 PDI 
b
 Nbb  c  nPCL d nPBA e 
Mn f, g/mol 
× 10-6 PDI 
b 
IA 450 40 - 2.5 1.26 449±22 49±3 - (2.6±0.14)  1.06 
IIA-20 450 40 110 13 1.12 448±22 49±3 163±8 (12±0.6) 1.07 
IIA-50 450 40 44 5.1 1.24 451±22 49±3 52±3 (5.6±0.6) 1.01 
 
a: Targeted values (or from gravimetry or from NMR)  
b: Polydispersity Index, PDI = Mw/Mn = Lw/Ln 
c: Contour length Ln / length per backbone monomer unit lm 
d: [(Mn (IA) / Nbb) – MHEMA]  / mPCL (114 g/mol), where MHEMA=129 g/mol  
e: [Mn (IIA)−Mn (IA)] / Nbb / mPBA (mPBA =128 g/mol) 
 f: Number-average molecular weight by AFM-LB57 
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Table 5.2. Raw data for the calculation of molecular weight of IA and IIA 
brushes by AFM-LB. 
 
Sample ID mLB 
a
, g/cm2 
× 108 
nAFM 
b
 
, cm-2 
× 10-9 
Mn c, g/mol 
× 10-6 PDI 
d 
IA 4.5 11 (2.6±0.14) E6 1.06 
IIA-20 8.8 4.5 (12±0.6) E6 1.07 
IIA-50 4.8 5.2 (5.6±0.6) E6 1.01 
   
a: Mass per unit area of the LB trough 
b: Number of molecules per unit area of the AFM micrograph(s) 
c: Number-average molecular weight by AFM-LB: A
AFM
LB
n Nn
mM ⋅= 57 
d: Polydispersity Index, PDI = Mw/Mn  
 
 
5.2.2. Thermal properties  
Differential scanning calorimetry (DSC) is a technique commonly used to 
probe the thermal properties, i.e. melting (Tm), glass transition (Tg), and 
crystallization temperatures (Tc), of materials. The differential heat flow between the 
polymer melt and an aluminum reference pan is monitored and translated into 
thermal transition data for the polymer. 
All of the polymer melts (mass~2–7 mg) were probed via non-isothermal DSC 
(DSC 220 from Seiko Instruments). The samples were heated and held at 100°C to 
remove the effects of thermal history. The melts were then cooled to -100°C and 
subsequently heated to 100°C at a rate of 10°C/min.  
The non-isothermal DSC traces of LPCL, IA, IIA-20, and IIA-50 are 
presented in Figure 5.1. Noteworthy is the fact that LPCL and IA have practically the 
same thermal properties, with similar melting (Tm=53°C) and crystallization 
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(Tc~30°C) transitions. Unfortunately, the glass transition temperatures (Tg) were not 
obvious for either LPCL and IA. The difference between the linear and brush PCL is 
in the degrees of crystallinity of each molecule (χc). The LPCL molecule has a 
higher χc value than IA (χc, LPCL=0.58 versus χc, IA=0.53). A plausible explanation for 
the observation may be the difference in molecular architecture, which in turn affects 
molecular motion and packing upon crystallization. The LPCL chains can easily 
pack into folded chain lamellae during crystallization. On the other hand, the PCL 
chains in IA are covalently connected to a backbone, thus an inherent defect is 
present at all times that can make it more difficult to form ordered lamellar structure. 
Moreover, its enormous mass makes it more cumbersome for IA molecules to move 
and pack into a lamellar morphology during crystallization. That is, the crystallization 
of the PCL brush is less efficient than its linear counterpart. The heat of fusion of 
100% crystalline PCL, ∆Hm0=135 J/g, used for crystallinity calculations was obtained 
from Crescenzi, et.al.58  
The thermal behavior of the block brush IIA-20 is quite different than the 
homopolymer PCL molecules.  First, a lower PCL melting transition was observed in 
the block brush (Tm=40°C) versus IA (Tm=53°C). This is attributed to the disruption 
of the crystallization of the PCL chains by the PBA blocks, that is, the PBA blocks 
act as plasticizers, which is consistent with previous observations of other 
crystalline–amorphous block copolymers.34, 37, 59 The Tg’s were also observed in the 
diblock copolymer brush. In fact, two glass transitions were observed in the IIA-20 
trace. This is attributed to the glass transition temperatures of each block 
(Tg,PBA=−55°C and Tg,PCL=−60°C). This is an indication of the immiscibility between 
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PCL and PBA blocks, causing microphase separation in the melt. Furthermore, the 
crystallization peak is very broad (nearly vanished), a sign of a slow crystallization 
process. This was confirmed by POM and SAXS (to be discussed in Sections 5.2.3 
and 5.4.4) studies of the crystallization kinetics. The calculated degree of crystallinity 
for the IIA-20 molecule (taking into account the crystalline PCL fraction (φPCL=0.23)), 
the χc is significantly lower (χc=0.43) than that observed for LPCL and IA, an 
indication of disrupted crystal formation. The DSC results are summarized in Table 
5.3. 
In the case of IIA-50, the melting, crystallization, and glass transition 
temperatures were observed. Similar to the IIA-20 molecule, the melting 
temperature at Tm=48°C is lower than both homopolymer PCL molecules. This 
depression is consistent with previous observations for semi-crystalline diblocks.34, 
37, 59
 Only a single glass transition was observed at Tg =−50°C. It is possible that the 
individual Tg of each block was not resolved, i.e. the difference is indistinguishable 
by DSC and only an average value was observed, or there is only a single “soft” 
phase at this block copolymer composition.60 The crystallization peak at Tc=2.5°C is 
considerably broader than the homopolymer cases, but at least it is present. This 
indicates a slow crystallization process due to the presence of the PBA blocks. 
Nonetheless, the presence of the peak shows that crystallization occurred more 
efficiently in IIA-50 (φPCL=0.46) than in IIA-20 (φPCL=0.23) that is attributable to its 
higher crystalline mass fraction. 
The enthalpic (∆H) and entropic (∆S) values are also consistent with 
expectations for homopolymer and heteropolymer systems. Both the linear and 
  
134 
brush PCL molecules have higher ∆H and ∆S values than the semi-crystaline block 
copolymer brushes. The DSC results are summarized in Table 5.3. 
 
 
Figure 5.1. Non-isothermal DSC traces for (A) LPCL, (B) IA, (C) IIA-20, and (D) 
IIA-50. The thermal properties of LPCL and IA are virtually identical, with sharp 
melting and crystallization temperatures at 53°C and ~30°C. In the case of IIA-20, 
one observed a depressed melting temperature and a very broad crystallization 
peak that is virtually invisible. In addition, the glass transitions for both PCL and PBA 
blocks were detected in IIA-20. In the case of IIA-50, lower melting and 
crystallization transitions were observed. In addition, only a single glass transition 
temperature was detected at -50°C. (Blue=cooling cycle; Red=heating cycle) 
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Table 5.3. Summary of non-isothermal DSC data for LPCL, IA, and IIA-20. 
 
 LPCL IA IIA-20 IIA-50 
   φPCL=0.23 φPCL=0.46 
Tm a, K 3263 3263 3133 3213 
∆Hm b, J/g 782 721 611 74±1 
∆Sm c, J/g·K 0.240.03 0.220.01 0.200.02 0.22±0.03 
Tc d, K 3033 3003 - 2763 
Tg e, K - - 
2132 (PCL) 
2182 (PBA) 2232 
∆Hc b, J/g -792 -691 - -74±1 
∆Sc c, J/g·K -0.260.03 -0.230.01 - -0.26±0.01 
χc f
 0.580.01 0.530.01 0.430.01 0.54±0.01 
 
a: Melting temperature 
b: Enthalpy of melting (m) and crystallization (c) of the PCL fraction (φPCL) 
c: Entropy of melting (m) and crystallization (c) of the PCL fraction (φPCL) 
d: Crystallization temperature 
e: Glass transition temperature 
f: Degree of crystallinity, 
PCLm
m
c H
H
φχ ⋅∆
∆
=

, where ∆Hm0=135 J/g is enthalpy of 
100% crystalline PCL 35, 58 
 
5.2.3. Polarized optical microscopy  
Anisotropic materials, such as liquid crystals and crystalline polymers, are 
intrinsically birefringent, making them ideal specimens for polarized light microscope 
(POM) experiments, such as monitoring of polymer melting and crystallization 
studies. POM experiments were carried out on LPCL, IA, IIA-20, and IIA-50 melts 
using a Nikon Microphot-FX microscope equipped with a Hi-Res CCD-IRIS camera 
and Linkam heat stage. Images and videos were taken and processed using the 
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Roxio software. The polymer melts were deposited onto a clean glass microscope 
slide and heated to T=100°C before rapidly cooling and annealing at T=30°C for 
several days. Images were taken at intermediate times to check the crystallization of 
each molecule. 
The presence of birefringent structures was verified for all samples. The 
crystallization of the LPCL melt at T=30°C was practically instantaneous, and 
spherulitic formation was complete within minutes (Figure 5.2A). For IA, the 
formation of spherulites was slower than that observed for the LPCL melt, but 
crystallization was still completed within 30 minutes at T=30°C (Figure 5.2B–5.2C).  
As hinted by the DSC results, the crystallization of the IIA-20 proceeded 
much slower than the homopolymer species (Figure 5.2D–5.2F). Birefringent 
structures, attributed to localized crystalline fractions, started to appear after 5 hours 
of annealing at T=30°C (Figure 5.2D), with more extensive structure formation after 
24 hours (Figure 5.2E), and complete crystallization and spherulite formation 4 days 
after the start of annealing (Figure 5.2F). The formation of spherulites in these thick 
films after thermal treatment is in agreement with previously studied in linear PCL 
block copolymer systems.47, 61 What is unusual is the existence of supramolecular 
structures despite the low PCL mass fraction (mPCL=0.23). It is postulated that the 
densely-packed brush architecture facilitated PCL crystallization, as the neighboring 
side chains can cooperatively fold and aggregate without having to diffuse long 
distances.  
Spherulite formation for IIA-50 did not occur as quickly as IA but neither did it 
take as long as IIA-20. No nuclei were observed right away (Figure 5.2G–5.2I) but 
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one can see that crystallization was extensive after 30 minutes at T=30°C, and was 
complete by 5 hours.  
The textures observed for IA, IIA-20, and IIA-50 are quite different from that 
obtained for LPCL. This can be attributed to the architecture, i.e. densely-grafted 
brush, and for the block copolymer side chains, the additional covalent linkage of 
PBA to the PCL chain. All of the POM results above are in agreement with the DSC 
results.
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Figure 5.2. Polarized optical micrographs of LPCL, IA, IIA-20, and IIA-50. The 
micrographs were obtained after melting at T=100°C and annealing at T=30°C. (A) 
LPCL melt crystallization was rapid, virtually completed within a couple of minutes. 
(B) The crystallization of IA was not as fast at that of LPCL, only small nuclei 
observed at 0 time at T=30°C, but it was complete within (C) 30 minutes. In contrast, 
the crystallization of IIA-20 was very slow, nuclei initially appearing only after 5 hours 
(D), and slowly grew to a larger spherulite after 24 hours (E), and completely 
crystallized after 4 days at T=30°C. For IIA-50, spherulitic nuclei (G) did not appear 
instantaneously but extensive spherulite formation was observed (H) after 30 
minutes and (I) was complete by 5 hours at T=30°C. 
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5.3. Molecules: single molecules and monolayers (in preparation) 
 
The bulk properties observed for IIA-20, presented in the preceding section, 
hint at the complex interplay between microphase separation due to the diblock 
copolymer structure, and the crystallization of PCL in a topologically constrained 
environment. Now, one must ask the question: how will the complicated physical 
interactions affect the molecular conformations of single molecules of IA and IIA-20 
upon adsorption on a surface. Specifically, how does the crystallization of the core 
PCL block affect the molecular size and shape of IIA-20 on a surface?   
 
5.3.1. Sample preparation and characterization 
Spincast dilute monolayer films and dense LB monolayer films were prepared 
at room temperature.  Film annealing was carried out in an Isotemp programmable 
oven (800 series) from Fisher Scientific unless noted otherwise. 
Height and phase micrographs of the films were obtained using a Multimode 
Atomic Force Microscope from Veeco Metrology group equipped with Nanoscope 
IIIA control station and a High Temperature Heater (AS-130VT scanner) in the 
tapping-mode. Cantilevers with resonance frequencies of about 160 kHz, spring 
constants of 5.0 N/m, and have tip radii less than 10 nm were used throughout the 
study.  During the in-situ heating/cooling of the samples on the heat stage, the 
cantilever was briefly disengaged during the temperature change and the resonance 
tune was checked after equilibration prior to re-engaging.  Height analyses of the 
films were carried out using the NanoScope III software (version 5.12b51) provided 
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by Veeco.  A custom computer software program was used analyze other molecular 
dimensions such as length and width.   
 
5.3.2. Molecular morphology 
Linear PCL chains form folded-chain lamella upon crystallization similar to 
other semi-crystalline polymers such as polyethylene.62-64 However, when PCL 
chains are covalently confined into a dense brush architecture as it is in IA, only 
single, worm-like molecules with fully extended backbones and side chains were 
observed in both spincast and LB films (Figure 5.3D–5.3E). That is, no 3D 
macroscopic crystalline structures were formed.  Even though crystallization is a 
strong driving force, the energy gained from the interaction with the substrate 
appears to be greater than the free energy gained upon crystallization.  
Upon chain extension with PBA, however, a remarkable morphological 
transformation was observed. No 3D macroscopic structures are formed, but the 
single molecules of adsorbed IIA-20 possess an unusual morphology consisting of 
herringbones within a corona upon adsorption on a substrate, as shown in a 
previous publication.56 The stripes were present regardless of film preparation 
method, i.e. the same morphology is observed from spincast (Figure 5.3A) and 
dense LB films, and were reminiscent of PE shish-kebabs (Figure 5.3B).65, 66 
To prove that these ribbons are real and robust structures, as well as verify its 
composition, molecules of IIA-20 imbedded in a linear PBA matrix, a good solvent 
for the PBA corona.67 Indeed, the brush retained its herringbone structure upon 
encapsulation, and even further delineated the ribbons present in each brush (Figure 
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5.3C). As a comparison, one can see only a halo surrounding IA molecules upon 
encapsulation in linear PBA (Figure 5.3F). This indicated that the ribbons were 
composed of bundled PCL chains. Further proof that the ribbons are composed of 
crystalline PCL chains was provided by in-situ AFM heating and cooling experiments 
carried out on dense monolayer films. Using the AFM heat stage, the as-prepared 
monolayer film (Figure 5.4A) began to lose its features at T=45°C (Figure 5.4B), and 
the ribbons completely disappeared by T=65°C (Figure 5.4C). The sample was 
heated to T=85C and held for 30 minutes. And upon cooling to and annealing at 
T=30C for  24 hours, the herringbone morphology reappeared with virtually the 
same characteristic distance between the herringbones (Figure 5.4D). No change in 
backbone length occurred during the heating and cooling cycle. 
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Figure 5.3. Single molecule morphology of adsorbed IA and IIA-20 brushes. The herringbone morphology of IIA-20 is 
observed upon adsorption at room temperature. The ribbons are present in (A) spincast , (B) dense monolayer films and 
even  when (C) encapsulated in a linear PBA matrix, a good solvent for the outer PBA block. In contrast, single IA 
molecules exhibit the same worm-like morphology as that of amorphous PBA brushes when (D) spincast and (E) in dense 
monolayers. (F) And when embedded in a linear PBA matrix, the PCL corona around the backbone appeared to float atop 
the PBA, an indication of the immiscibility between PCL and PBA. 
 
  
 143 
 
 
Figure 5.4. In-situ heating and cooling AFM experiments on IIA-20 single 
molecules and thick films. (A) Single IIA-20 molecules in the as-prepared 
monolayer film had distinct herringbones that are regularly spaced along each 
molecule at room temperature. (B) The onset of melting was at T=45°C, and the 
ribbons completely disappeared by (C) T=65°C. (D) After annealing at T=30°C for  
24 hours, the herringbone morphology reappeared with virtually the same 
characteristic distance between the herringbones. (E) Thick films of IIA-20 were 
composed of crystalline aggregates at room temperature. These structures also 
melted when heated to (F) T=45°C and completely disappeared by (G) T=65°C. (H) 
The crystallites reappeared after cooling and extended annealing time (t24 hours) 
at T=30°C albeit at different locations than the as-cast film. This confirmed the slow 
crystallizing behavior for the IIA-20 brush. Images presented are obtained from the 
phase mode. 
 
 
5.3.3. Dimensional analysis  
Length analyses of the IA, IIA-20, and IIA-50 were carried out and the results 
are summarized in Table 5.4. The measured contour lengths Ln for both brushes 
indicate that the backbones adopted fully extended, all-trans conformations upon 
adsorption, similar to previously studied molecular brushes.5 And as expected, the 
measured backbone lengths of both samples are the same (within error), since IA is 
the precursor for IIA-20 and IIA-50. The measured brush widths D are further 
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evidence that the chain extension performed on IA (D=58 nm) to produce both IIA-
20 (D=130 nm) and IIA-50 (D=83 nm) was successful. 
Further measurements performed on single molecules of IIA-20 (LPCL=33 nm) 
and IIA-50 (LPCL=29 nm) show that the herringbones present in both brushes have 
lengths LPCL comparable to one side chain length of IA (D/2=29 nm). In all three 
cases, however, the length per CL monomer unit PCLml is less than the calculated 
fully-extended monomer length lmax≅0.86 nm. This discrepancy can be attributed to 
polydispersity of side chains due to the less-than-100% grafting-from efficiency of 
the ATRP-grown side chains.68 Unlike amorphous PBA brushes considered in Ref. 
68, here we assume that longer side chains segregated in the second layer and 
undergo chain folding. The calculated length of the PBA block LPBA was in 
agreement with the measured lengths from the AFM micrographs. The ends of the 
PBA block were difficult to resolve, thus overestimation of its length may have 
occurred during the measurement. The length per BA monomer unit PBAml in both 
cases show that the PBA block was fully-extended. This result is unusual as 100% 
PBA brushes show overestimated brush width due to the intrinsic polydispersity of 
the side chains and predominat adsorption of the longer chains [ref above] The close 
agreement with the all-trans conformation suggests low polydispersity of the PBA 
block, which can be explained by much higher grafting efficiency due to weaker 
steric repulsion of the PBA side chains grown from the PCL-brush precursor having 
a larger diameter compared to a linear backbone. Lastly, the regularly spaced 
ribbons in both molecules (dPCL~18 nm) contain, on average, approximately 11 side 
chains each. 
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Table 5.4. Length analysis results for single molecules of PCL and PCL-b-PBA 
brushes. 
 
  IA IIA-20 IIA-50 
Ln (nm) a 97±6 100±6 102±2 nm 
lm (nm) b 0.22±0.02 0.22±0.02 0.23±0.02 nm 
D (nm) c 58±3 130±8 83±1 nm 
LPCL (nm) d - 33±2 29±2 nm 
LPBA (nm) e 
(Measured from AFM) - 
32±6 nm 
(35±2 nm) 
13±2 nm 
(16±1 nm) 
PCL
ml (nm) 0.59±0.12 f 0.6±0.1 g 0.6±0.1 nm g 
 
PBA
ml (nm) h - 0.22±0.05 0.24±0.05 nm 
dPCL (nm) i - 18±1 18±1 nm 
# of side chains per 
ribbon j - 11±1 10±1 
 
a: Number-average contour length 
b: Length per backbone monomer unit=Ln / Nbb 
c: Width of brushes  
d: Measured length of PCL ribbons 
e: Length of PBA block=D/2 – lPCL 
f:  Length per PCL monomer unit in IA = D / 2nPCL 
g: Length per PCL monomer unit in IIA brushes = LPCL / nPCL 
h: Length per PBA monomer unit = [D(IIA brushes)–D(IA)] / 2nPBA 
i:  Distance between PCL ribbons 
j:  Number of side chains per ribbon=Nbb/Average number of ribbons per molecule 
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5.3.4. Single molecule packing 
 
Figure 5.5. Herringbone morphology of IIA-20 single molecules on mica. The 
brush has length Ln=100±6 nm and width D=130±8 nm. The ribbons within are 
composed of aggregated semi-crystalline PCL chains surrounded by a PBA corona. 
The ribbons are regularly-spaced PCL bundles dPCL=18±1 nm apart as can be seen 
with the cross-sectional AFM profile. Length measurements show that the 11 PCL 
chains within the ribbons were fully-extended (LPCL=33±2 nm) (not all PCL chains 
are represented for clarity). The PBA chains are also fully extended (LPBA=32±6 nm). 
 
The herringbone morphology of adsorbed single molecules of IIA-20, along 
with its measured dimensions, is presented in Figure 5.5. The reason for this unique 
display lies in the interplay between polymer-substrate interaction, block copolymer 
phase-separation, and polymer crystallization.  
The adsorbed PCL-b-PBA side chains in IIA-20 do not contribute to the 
formation of ribbons due to the very strong interaction between the side chains and 
the substrate (Scheme 5.5B). Thus, 3D crystallization of the adsorbed PCL chains is 
suppressed, as they are unable to segregate and form bundles. The adsorbed side 
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chains are phase separated on the substrate and possibly are in a fully-extended 
conformation similar to the homopolymer scenario (Scheme 5.5A).  
In the desorbed layer, however, it is a completely different and more complex 
scenario (Scheme 5.5B). With weaker interaction between the diblock copolymer 
side chains and the substrate, the PCL and PBA blocks can rearrange, especially 
since at room temperature, the system is above the glass transition temperature of 
both blocks (Tg~55–60°C). This allows the PCL chains to aggregate, but because 
the chains are connected to the backbone, it is frustrated in its attempt to completely 
segregate from the PBA and can only do so much to minimize interfacial contact 
between the blocks. This results in the regularly spaced bundles of PCL chains 
emanating from the backbones. In addition to the phase separated structure, the 
PCL chains inside the ribbons are crystalline at room temperature, evidenced by the 
observed Tm by DSC=40°C. What is unusual is that the PCL chains remain fairly 
extended (LPCL=33±2 nm, PCLml =0.6±0.1 nm per PCL monomer) and oriented 
perpendicular to the backbone, i.e. no chain folding occurs as is customary for linear 
semi-crystalline-amorphous block copolymers as discussed in Section 5.1. This is 
another direct consequence of its covalent connections to the backbone and the 
PBA chains, its densely-packed molecular structure, and its favorable interaction 
with the substrate, thereby hindering chain folding during crystallization. 
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Scheme 5.5. Model for the herringbone morphology of adsorbed IIA-20 single 
molecules on mica. (A) Single molecules of brushes with homopolymer side 
chains, such as IA, have a worm-like morphology when adsorbed on a substrate. 
The fully stretched adsorbed side chains dictate the overall shape of the molecule, 
as well as separates individual molecules from each other, while the desorbed 
chains serve as topographic enhancers. (B) In the heteropolymer IIA-20 brush, the 
adsorbed side chains behave similarly to that of the homopolymer case except they 
are phase separated on the substrate. The herringbones are attributed to the 
microphase separation between the core PCL and PBA shell blocks of the desorbed 
side chains, and the subsequent crystallization of the inner PCL bundles at room 
temperature into prominent ribbons.  
 
 
5.4. Bulk: thick films and fibers (in preparation) 
 At this point, bulk and single molecule properties and morphology of IA and 
IIA-20 have been investigated. In order to completely understand these unique 
polymers, the thick film properties of IA and IIA-20 need to be studied. Thick films 
are intermediaries between the bulk material and single molecules, and are 
important components in many applications. As such, it is important to understand 
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the film properties of new materials, especially if any changes occur when the 
molecules are placed in such a dense environment.  
 
5.4.1. Sample preparation 
Thick films of IA and IIA-20 brushes were prepared by spin casting 
chloroform solutions onto freshly-cleaved mica. The films melted at T=100ºC then 
subsequently annealed at T=30ºC for a minimum 24 hours.  
 X-ray scattering experiments were carried out at the European synchrotron 
facilities in Grenoble by Drs. D. Anokhin and D. Ivanov. Fibers of IA IIA-20, and IIA-
50 brushes were drawn at room temperature. The orientation of the IIA-20 was the 
most successful; therefore, both time-resolved SAXS and WAXS spectra were 
obtained for IIA-20. Only the SAXS pattern is reported for the IA and IIA-50 fibers.  
 
5.4.2. Film morphology and characteristics 
When single molecules of IA and IIA-20 were placed in a different 
environment, both molecules underwent a transformation. For IA, dendritic branches 
were observed in the thick film via a diffusion-limited aggregation process (Figure 
5.6A).49, 69 This is attributed to the PCL side chains folding and crystallizing in the 
bulk, although the IA dendrites are not as compact as the structures observed in 
LPCL thick films (inset Figure 5.6A). Unfortunately, no single molecules in the thick 
film were resolved prior to the formation of the branches and therefore, no 
information about the initial film morphology is available at this time.  
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For the IIA-20 molecule, the thick films underwent a two-step transformation, 
from smooth, terraced films, to one composed of dendritic branches (Figure 5.6B–
5.6F). The initially smooth film surface of the semi-crystalline brush is consistent with 
previous observations of thick films composed of linear semi-crystalline chains.49, 70 
Within the freshly-prepared film, individual brushes transformed from the 
herringboned single molecules to cylindrical brushes with shorter backbones (74±3 
nm) and narrower brush widths (37±3 nm) (Figure 5.6B). In addition to the brushes, 
large aggregates believed to be spherulitic nuclei were also present (Figure 5.6B). 
Regularly-spaced terraces with crystalline nuclei were also observed in even thicker 
areas (Figure 5.6C). 
After a long annealing time at T=30ºC, the appearance of well-defined 
dendritic branches similar to that of ultrathin linear homopolymer PCL films was 
observed (Figure 5.6D).69 Close examination of the dendrites revealed cylindrically-
shaped structures with wider widths (58±5 nm) than the microphase separated 
cylinders (Figure 5.6E). No data was collected on the lengths of these features due 
to the poor resolution of cylinder ends. These supramolecular structures continued 
to grow until the film was fully transformed to dendrites, as seen after 1 month at 
T=30ºC (Figure 5.6F).  
The formation of dendrites in IIA-20 is attributed to a diffusion-limited 
aggregation (DLA) process49, followed by the coalescence of domains71, which 
facilitated bulk crystallization despite the low mass fraction of PCL in the molecule. 
Further evidence of the crystalline nature of the structures is provided by AFM heat 
stage experiments. The PCL domains began to melt at T=45°C and completely 
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disappeared by T=65°C. The features reappeared after cooling and annealing at 
T=30ºC for more than 24 hours (Figure 5.4E–5.4H). This confirmed the slow 
crystallization process for the IIA-20 brush. Images presented are obtained from the 
phase mode.These observations are also consistent with other bulk and thick films 
of linear semi-crystalline diblock copolymer.49, 70  
 
Figure 5.6. Thick films of IA and IIA-20 molecules. (A) Spincast film of IA. The 
smooth bottom layer was ~6 nm thick, while the branch features were 11 nm. Both 
measurements were made relative to the holes. Inset is a thick film of LPCL. 
Complete branch formation was observed. (B) In thin films, ~6 nm thick, the brushes 
visible in the top layer were more cylindrical in shape with shorter backbones (74±3 
nm) and narrower widths (37±3 nm) than the adsorbed single molecules. What 
appeared to be crystal nuclei were seen as well. (C) Also observed were regularly-
spaced terraces with crystal nuclei randomly scattered in thicker portions of the film. 
Inset is a section analysis of one of the terraces showing its periodicity.  (D) And in 
even thicker films (<20 nm), spherulites appeared after a long annealing time 
(T=30°C, t24 hours).  (E) Magnified section of (D) wherein one can see the brush 
profiles in the spherulitic branch.  And like those in thin films, the brushes appeared 
to be shorter and narrower but with larger widths (58±5 nm). (F) After 1 month at 
T=30°C 
 
Height measurement of the various films was undertaken. The thinnest film 
(above a monolayer) measured for IA and IIA-20 films had a height of about 6 nm 
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relative to the holes. It appears that the molecules of IA and IIA-20 are oriented 
parallel to the substrate. For the IA thick film, the dendritic branches are 11 nm tall, 
relative to the holes. This value is in close agreement with the long period 
determined from SAXS of IA drawn fibers (LSAXS=12 nm). 
The initially observed smooth terraces in thick films of IIA-20 are attributed to 
the microphase separated copolymer structure, with each layer having a height of 
11.4±0.9 nm, relative to the holes. The terraces were periodic with an average 
height of ~11–12 nm. The spherulites that formed after annealing were much taller at 
25±2 nm. The increase in height is attributed to the rearrangement of the side chains 
and subsequent crystallization of the PCL blocks. The heights measured from the 
IIA-20 film (11 nm and 25 nm) are close in value to the characteristic distances 
measured from the IIA-20 SAXS fibers, La=19 nm for the phase-separated state and 
LSAXS=28 nm after PCL crystallization (see Section 5.4.4). Variations in forces used 
during film imaging, sample inhomogeneity, and lack of height calibration may lead 
to discrepancies in the AFM measured values. 
Characterization results for IA and IIA-20 thick films are summarized in Table 
5.5. 
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Table 5.5. Summary of measured dimensions of thick films of PCL and PCL-b-
PBA brushes. 
  IA IIA-20 
Ln of brushes in the smooth film 
(nm) - 74±3 nm 
D of brushes in the smooth film 
(nm) - 37±3 nm 
D of brushes in spherulite (nm) - 58±5 nm 
Height of thinnest film (above a 
monolayer) (nm) 6.0±0.7 nm 6.1±0.4 nm 
Height of terraces (nm) - 11.4±0.9 nm 
Height of dendritic brances (nm) 11.1±0.8 nm 25±2 nm 
 
* Measured heights are relative to the holes in the films. 
 
 
5.4.3. X-ray scattering of bulk fibers 
 Scattering methods are used extensively in the structural characterization of 
inorganic crystals, proteins and other macromolecules, and other complex hybrid 
materials. Specifically for macromolecules, small angle (SAXS) and wide angle X-
ray scattering (WAXS) provide much insight about morphology, crystal structure, and 
characteristic dimensions such as lamellae period. We have used the X-ray data to 
evaluate the number of folds per PCL block, melting temperature as a function of 
crystal thickness, and orientation of PCL lamellae and chains. 
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Figure 5.7. Time-resolved SAXS spectra of (A) IA and (B) IIA-20. Only 1 peak 
(LSAXS=12 nm) attributed to the PCL crystals was observed for IA. In the case of IIA-
20, 2 features were observed: an initial peak for the microphase separated block 
copolymer structure (La=19 nm) and a peak assigned to the brush structure 
controlled by PCL crystallization (LSAXS=28 nm). The legends in the spectra indicate 
the time (duration) of the isothermal (T=25°C) crystallization process. 
 
A) Number of folds. Time-resolved SAXS patterns of IA and IIA-20 are 
presented in Figure 5.7. In the case of IA, only the peak attributed to the crystalline 
structure of the PCL chains is present at room temperature, which disappeared upon 
heating to 70°C but rapidly reappeared upon cooling to room temperature (Figure 
5.7A). The lamellar domain thickness for IA is determined to be LSAXS=12 nm. Given 
that nPCL=49, this implies that the PCL chains in the fiber are folded upon 
crystallization. For the IIA-20 fiber, the transformation of the freshly prepared fiber 
from an initially microphase separated morphology into a morphology controlled by 
PCL crystallization was observed (Figure 5.7B). Immediately after quenching, the 
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freshly-prepared IIA-20 fiber only had a peak with a characteristic domain size of 
La=19 nm. Since the quenched sample is amorphous, this SAXS peak is attributed 
to the phase separated block copolymer structure. The copolymer peak broadens 
and completely vanishes with time, and then the second peak at LSAXS=28 nm 
appears after several hours at room temperature. As shown in Figures 5.7 and 
Scheme 5.6, this second peak is attributed to the long period of alternating 
crystalline and amorphous layers and can be written as: 
                                       
PCLPBASAXS llL +=   (5.3)  
The ratio of the PBA and PCL layer thickness can be estimated by: 
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where mBA=128 g/mol and mCL=114 g/mol are molar masses of the BA and CL 
monomeric units, respectively ; ρCPCL=1.194 g/cm3 72 and ρPBA= 1.041 g/cm3 73 
are mass densities of crystalline PCL and amorphous PBA, respectively. For 
this estimate, the degree of crystallinity of the PCL blocks is taken equal to 
100%. 
From the length of the crystalline PCL domain (lPCL) one can calculate 
the number of folds as: 
1
l
L
n
PCL
0
folds −=
      (5.5) 
where L0=nPCL· lCL nm is the contour length of the PCL block, lCL=0.86 nm is the 
length of the CL monomeric unit. By combining equations 5.4 and 5.5, one can 
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write the following expression for the number of folds as a function of the 
amorphous block only: 
1
l
n1.1n
PBA
PBA
folds −=
     (5.6) 
Table 5.6 summarizes the SAXS data including the thickness of amorphous 
PBA and crystalline PCL domains (lPBA and lPCL), and the number of folds per PCL 
block. The molecular dimensions obtained from SAXS/WAXS of IIA-20 will be used 
to calculate theoretical molecular packing models for the microphase separated 
block copolymer structure and the morphology after PCL crystallization, and will be 
presented in Section 5.4.4. 
 
Table 5.6. SAXS results for IA, IIA-20, and IIA-50. 
 
Sample  
ID 
nPCL nPBA 
La a, 
nm 
LSAXS b, nm lPBA c, nm lPCL  c, nm nfolds  d 
IA 49±3 - 11 13 - 13 3 
IIA-20 49±3 163±3 19 28 22.7 5.3 6.9±1 
IIA-50 49±3 52±3 12 22 12.8 9.2 3.3±0.5 
 
a: SAXS distance before crystallization (amorphous state) 
b: SAXS long period after crystallization (Eq. 5.3) 
c: Calculated from Eqs. 5.3 and 5.4  
d: Calculated from Eqs. 5.5 or 5.6 
 
Using the block copolymer brushes with a different ratio of the PCL and PBA 
blocks makes it possible to explore the influence of the amorphous block on the 
resulting semicrystalline morphology. It can be seen that decreasing the length of 
the PBA segment while keeping the PCL length constant results in the decrease of 
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the number of folds of the PCL block (Table 5.6). From Eq. 5.2, one expects the 
following the ratio of the number of folds: 
3/1
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20IIA
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From Table 5.6, we obtain 
8.01.2
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These results are in a good agreement with the scaling prediction. However, the two 
points (IIA-20 and IIA-50) are not sufficient to verify the scaling relation 
nfolds~(nPBA)1/3 (Eq. 5.2). More data points are needed. 
 B) Melting temperature. The melting transitions of the polymers can be 
calculated using the Gibbs-Thomson equation, 



	






⋅⋅
⋅
−⋅=
∞
c
PCL
0
mPCL
e
m
Hl
21TT
ρ∆
σ
    (5.8) 
where Tm=359 K is the melting point of an infinite size PCL crystal74, σe=60 mJ/m2 
is the fold surface energy75, lPCL is crystal thickness determined from SAXS, 
∆Hm0=135 J/g is the enthalpy of fusion of 100% PCL58, and ρcPCL=1.19 g/cm3 is the 
density of crystalline PCL.72 The calculated values for LPCL, IA, IIA-20, and IIA-50 
molecules are summarized in Table 5.7 along with the experimentally determined Tm 
values from DSC. The melting transition for LPCL and IA are similar even when 
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calculated. For the block copolymer brushes, both calculated and experimentally 
determined Tm values follow a decreasing trend with decreasing mass fraction of 
PCL as expected.   
 
Table 5.7. Comparison of melting points determined from experiment and 
calculated from Gibbs-Thomson equation. 
 
Sample ID Tm, K (DSC) lPCL, nm (SAXS) Tmcalc, K b 
LPCL 326 12 a 337 
IA 326 13 338 
IIA-50 321 9.2 330 
IIA-20 313 5.3 308 
   
 a: Linear PCL thickness from Gedde, et.al. 74 
 b: Calculated from Eq. 5.8 
 
C) Chain orientation. An important determination from SAXS is that the 
crystalline PCL lamellae is oriented parallel to the fiber axis, i.e. the backbone 
direction. This also means that the direction of the PCL chains in the oriented 
sample is perpendicular to the drawing axis. This follows from the relative 
positions of the SAXS peak of the semi-crystalline structure and the strong 
(110) peak of the PCL lattice.  
The WAXS spectra of IIA-20 shows the orthorhombic unit cell characteristics 
of the crystalline PCL in the block copolymer brush after annealing at room 
temperature for a long time (Figure 5.8). The equatorial (110) peak of the 
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orthorhombic unit cell of PCL is situated on the meridian (i.e., on the fiber axis 
direction). Thus, in agreement with the SAXS assignments, the lamellae stacks are 
parallel to the fiber direction. This implies that the PCL chains in the brush are 
perpendicular to the fiber direction. The distance between (110) was measured at 
d110=0.415 nm, while the distance between folds in the (110) plane is dfolds=0.45 nm.  
 
 
Figure 5.8. Time-resolved WAXS spectra of IIA-20. The development of the 
characteristic orthorhombic unit cell peaks of the PCL crystals is in agreement with 
the SAXS results (Figure 5.7B). 
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For all the studied brushes, the crystallization process disrupts the initial 
phase separated morphology consisting of cylinders of amorphous PCL surrounded 
by PBA coronas, and result in a layered crystalline/amorphous structure with a very 
different periodicity. The fact that optical observations in POM reveal nascent 
spherulitic morphology testifies to the fact that the crystallization process proceeds 
by the breaking out of the block copolymer from the cylindrical template to form a 
supramolecular structure composed of continuous crystalline lamellae of PCL 
organized on a much larger scale, i.e. fusion of PCL crystalline cores.   
Although the crystallization process is not confined to the sub-molecular scale, 
and the crystals break out of the molecular cylinders, the crystal growth direction is 
preferentially selected due to the steric hindrances imposed on the PCL segments 
by the high grafting density. This mechanism of the crystallization templating can 
prove useful in designing complex nanostructured materials. 
 
5.4.4. Molecular packing  
Given the information from all the techniques above, specifically SAXS and 
AFM, we can propose models for the molecular arrangement of the IIA-20 brush 
molecules in a microphase separated copolymer and to one that is controlled by 
PCL crystallization. The exact mechanism of the morphological transformation, 
however, is still unknown and will be investigated in the future. 
The densities used for molecular packing calculations are 1.081 g/cm3 for 
amorphous PCL58, 1.195 g/cm3 for 100% crystalline PCL72, and 1.041 g/cm3 for 
PBA.73 
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5.4.4.1. Microphase separated morphology 
The molecular packing of IIA-20 prior to PCL crystallization in thick films and 
bulk fibers can be modeled as a cylinder, composed of microphase separated 
random coils with a PCL core and a PBA corona (Scheme 5.6A). Each side chain is 
a disc with radius R0 in a cylinder with a diameter of 2R0. The height of each disc 
equal to the length per monomer unit of the brushes in the thick films, 
lm= 450
nm 74
N
L
bb
n
= =0.16 nm. The volume of each disc is 
VSC=
( )
( ) APCLPCLPBAPBA
bbbb20IIA
Asc
sc
N
N/MM
N
M
⋅⋅+⋅
−
=
⋅
−
ρφρφρ =42 nm
3
, with ρPCL=1.081 g/cm3 for 
amorphous PCL58, and NA is Avogadro’s number. Using this information, the disc 
radius R0 is calculated to be R0=
pi⋅m
sc
l
V
=9.1±0.5nm, giving a disc diameter of 
2R0=18.2±1.0 nm. This is in agreement with the SAXS characteristic distance of 
La=19 nm for the copolymer structure, as well as the length measured for each side 
chain within the thick films (18.5±1.5 nm).  
For IIA-50, the volume of each disc is VSC =19.3 nm3, thus giving a cylinder 
diameter of 2R0=12.0±1.0 nm. This is also in agreement with the SAXS 
characteristic distance of La=12 nm. 
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Scheme 5.6. Models for the bulk and thick film morphologies of IIA-20 
molecules. (A) The initial microphase separated morphology of the brush can be 
approximated as a cylinder with an amorphous PCL core and a rubbery PBA shell. 
Each slice of the cylinder, i.e. a disc, contains 1 PCL-b-PBA side chain. The 
calculated disc diameter, 18.2±1.0 nm, is in agreement with the SAXS copolymer 
spacing of 19 nm, as well as the measured length of 1 phase-separated side chain 
within the thick film. (B) The side chain breaks out of the disc upon PCL 
crystallization, creating a layered structure with PCL fused cores in between PBA 
stacks. The PCL block folds about 7 times, with a crystal thickness of 5.4 nm.  
 
 
5.4.4.2. Morphology after PCL crystallization 
After a long annealing time, the cylindrical is disrupted by the crystallization of 
PCL with spherulitic branches forming slowly and eventually replacing the film 
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entirely. Breaking out from the disc-like phase separated structure, each side chain 
in the crystallized sample can be modeled as a rectangular box with sides x, y, and z 
(Scheme 5.6B). The variable y is the SAXS domain spacing of the crystalline sample, 
y=28 nm. The parameter z is the distance between the (110) planes as determined 
from WAXS, z=d110=0.415 nm, which is ≈2lm of the crystallized molecule in the bulk. 
Each rectangle has a volume VSC=
( )
( ) APCLPCLPBAPBA
bbbb20IIA
Asc
sc
N
N/MM
N
M
⋅⋅+⋅
−
=
⋅
−
ρφρφρ =41 
nm3, with ρPCL=1.195 g/cm3 for 100% crystalline PCL72, and NA is Avogadro’s 
number. From VSC= zyx ⋅⋅ =41 nm3, the variable x is calculated to be 3.5 nm. The 
volume of the crystalline PCL block, VPCL= zyxN
N/M
PCL
APCL
bbPCL
⋅⋅=
⋅ρ
=7.9 nm3, was 
used to calculate the crystal thickness yPCL=5.4±1 nm. This is less than the PCL 
lamella thickness measured from Langmuir films linear, homopolymer PCL chains.76 
The fact that the PCL is covalently attached to another block, a rather large 
amorphous one, strongly influences the PCL crystal thickness. The PBA chains, with 
yPBA=23 nm, are thought to be coiled and interdigitated with neighboring PBA blocks. 
An additional parameter that needs to be determined is the number of folds 
that each PCL chain has upon crystallization. Knowing that the lamella orientation is 
distance between folds in the plane is dfolds=0.45 nm and x=3.5 nm and that the PCL 
chains are perpendicular to the backbone, the number of PCL folds per side chain in 
the bulk is calculated to be nfolds= 1
nm45.0
nm5.31
d
x
folds
−=− =6.8 ≈ 7 folds, a reasonable 
result given the space constraints within the molecule. This is in agreement with 
number of folds calculated from SAXS data (nfolds≈7). 
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Following the same procedure, the crystal thickness for IIA-50 was 
determined to be yPCL=9.4±1 nm with nfolds=3.5≈ 3. This is again in agreement with 
the data obtained from SAXS. 
 
5.5. Conclusions and future work 
 In conclusion, densely-grafted brushes with diblock copolymer side chains 
PCL-b-PBA exhibited unique properties and morphologies as single molecules and 
in bulk material. Bulk characterization techniques verified the presence of crystalline 
domains in PCL-b-PBA melts despite the low mass fraction of crystalline PCL in the 
brush. In addition, x-ray scattering experiments provided evidence of the evolution 
from an initially microphase separated morphology to one that is dominated by the 
crystallization of the PCL block after long annealing times.  
• Upon adsorption onto a substrate, single molecules of the diblock copolymer 
PCL-b-PBA molecules adopted a herringbone morphology of thick crystalline 
ribbons surrounded by an amorphous corona, that were easily visualizable by 
AFM. This is attributed to the competitive block-block and block-substrate 
interactions. In thick films, the diblock brushes initially form terraces with 
smooth surfaces on mica. The PCL-b-BPA brushes inside the terrace 
adopted a cylindrical shape with contracted backbones and narrower widths. 
Dendritic-type branches were observed by AFM after long annealing times at 
room temperature. This is in agreement with the morphological transformation 
observed in the melt, which is a layered crystalline/amorphous structure with 
fused PCL crystalline cores. The formation of dendrites is attributed to a 
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diffusion-limited aggregation (DLA) process49 and subsequent coalescence of 
domains71, which facilitated bulk crystallization despite the low mass fraction 
of PCL in the molecule. Most importantly, thermodynamic control of the 
crystal thickness, hence the number of folds in the crystal was achieved was 
achieved with the diblock copolymer brush. Chain alignment and folding were 
controlled because of architectural confinement, i.e. there is preferential 
crystal growth direction 
Future work in this project includes: 
(1) Preparation of a longer series of PCL-b-PBA brushes (with a broader 
range of degrees of polymerization of both blocks) followed by systematic 
AFM and X-ray studies of the chain packing with the core-shell 
macromolecules. 
(2) Grazing incidence small angle x-ray scattering (GISAXS) on monolayer 
and thick films of IA and IIA molecules to determine molecular order and 
orientation of side chains within the films 
(3) Controlling long-range orientation of the molecules in order to create a 
regular pattern that can be used as masters for soft lithography or as 
components in various technologies, such as membranes. Inherent 
differences in the properties of each block can be manipulated to produce 
the desired pattern and orientation (vertical versus horizontal). Thus far, 
initial attempts to orient IIA-20 monolayer films using an electric field 
(E=500 V) have been unsuccessful. 
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Appendix A 
Synthesis of poly(alkyl acrylate) backbones and poly(n-butyl acrylate) (PBA) 
molecular brushes for branching analysis by AFM 
 
A.1. Synthesis of backbones 
Poly[2-(trimethylsilyloxy)ethyl acrylate] (PHEA-TMS), (A(A)): 7.0 mg (0.05 
mmol) of CuBr, 10.4 µL (0.05 mmol) of PMDETA were added to a 25-mL Schlenk 
flask and degassed by vacuum followed by nitrogen backfill three times. Anisole 
(5.0 mL) and HEA-TMS (9.3 g; 50 mmol) were degassed by bubbling with 
nitrogen for 30 min and then added to the Schlenk flask by syringe. An initial 
sample was taken by syringe, and then the difunctional initiator, DMDBH (2.7 µL; 
0.0125 mmol), was added. The polymerization was conducted at 80°C for 22 h. 
When monomer conversion reached 39.5 %, the reaction was stopped by 
opening the flask to air, and the catalyst was removed by passing the solution 
through alumina. The solvent and residual monomer were removed under high 
vacuum (1.0 mmHg) at 50°C. (NPHEA-TMS =1580, as determined by GC). (GPC-
MALLS: Mn=399,000 g/mol, Mw/Mn=1.32). By employing a similar procedure, 
poly[2-(trimethylsilyloxy)ethyl methacrylate] (PHEMA-TMS), (M(A)), was 
synthesized also (NPHEMA-TMS=1,800, as determined by GC). (GPC-MALLS: 
Mn=330,000 g/mol, Mw/Mn=1.11). 
Poly[2-(trimethylsilyloxy)ethyl acrylate] (PHEA-TMS), (A(F)): AIBN (0.016 g; 
0.1 mmol) was added to a 25-mL Schlenk flask and degassed by vacuum 
followed by nitrogen backfill three times. Anisole (5.0 mL) and HEA-TMS (9.3 g; 
50 mmol) were degassed by bubbling with nitrogen for 30 min and then added to 
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the Schlenk flask by syringe. An initial sample was taken by syringe, and then the 
polymerization was conducted at 60°C for 0.5 h. When monomer conversion 
reached 50.0 %, the reaction was stopped by opening the flask to air. The 
solvent and residual monomer were removed under high vacuum (1.0 mmHg) at 
50oC. (NPHEA-TMS=1,800, calculated by GPC-MALLS). (GPC-MALLS: Mn=196,000 
g/mol, Mw/Mn=3.86).    
 
A.2. Conversion of backbones to ATRP macroinitiators 
Poly[2-(2-bromopropionyloxy)ethyl acrylate] (PBPE), (AI(A)): The product of 
the PHEA-TMS polymerization, A(A), was placed in a 100-mL round-bottom flask 
(3.0 g, 16.2 mmol of -OTMS groups). KF (1.0 g, 18 mmol) was added, the flask 
was sealed and flushed with N2, and dry THF (50 mL) was added. A solution of 
tetrabutylammonium fluoride (1.0 %) in THF (0.18 mL, 0.18 mmol) was added 
dropwise to the flask, followed by the slow addition of 2-bromopropionyl bromide 
(2.84 mL, 27 mmol) over the course of 10 min. The reaction mixture was stirred 
overnight at room temperature and precipitated into methanol/ice (80/20 v/v %). 
The separated precipitate was re-dissolved in CHCl3 (15 mL), filtered through a 
column of basic alumina, and the solvent was removed under vacuum. The 
isolated polymer was re-precipitated from CHCl3 into hexanes three times, 
filtered and dried under vacuum at 25°C for 24 h. By employing a similar 
procedure, AI(F), the FRP equivalent was synthesized also. 
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Poly[2-(2-bromopropionyloxy)ethyl methacrylate] (PBPEM), (MI(A)): The 
procedure was the same as that described for PBPE but used the product of the 
PHEMA-TMS polymerization. 
 
A.3. Synthesis of PBA molecular brushes 
Poly[2-(2-bromopropionyloxy)ethyl-graft-(n-butyl acrylate)] PHEA-g-PBA, 
(BA(A)): PBPE (0.025 g; 0.1 mmol),  n-BA (19.4 g, 160 mmol), anisole (2.0 mL) 
and PMDETA (10.4 µL, 0.05 mmol) were added to a 25-mL Schlenk flask and the 
reaction mixture was degassed by three freeze-pump-thaw cycles. After stirring 
for 0.5 h at room temperature, CuBr (0.007 g, 0.05 mmol) was added under 
nitrogen, and the flask was placed in a preheated oil bath at 70°C. The 
polymerization was stopped after 11 h by cooling the flask to room temperature 
and opening the flask to air. The resulting polymer solution was purified by 
passing through a column of neutral alumina. Solvent and the remaining 
monomer were removed under high vacuum (1 mmHg). The resulting product 
was dried at room temperature for 12 h. (nBA=35, as determined by gravimetry). 
(GPC-MALLS: Mn=7,460,000 g/mol, Mw/Mn=1.48). 
Poly[2-(2-bromopropionyloxy)ethyl-graft-(n-butyl acrylate)] PHEA-g-PBA, 
(BA(F)): The procedure was the same as that described above (BA(A)). (BA(F): 
nBA=45, as determined by gravimetry, GPC-MALLS: Mn=1,330,000 g/mol, 
Mw/Mn=3.28). 
 174 
Poly[2-(2-bromopropionyloxy)ethyl-graft-(n-butyl acrylate)] PHEMA-g-PBA, 
(BM(A)): (nBA=25, as determined by gravimetry, GPC-MALLS: Mn =4,400,000 
g/mol, Mw/Mn=1.09). 
 
